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ABSTRACT

Nearly thirty years after their initial discovery, we now know of over five thousand
extrasolar planets. Intensive efforts have been made to characterize the sizes, masses,
orbits, and compositions of these new worlds, and the resulting population challenges
our intuition from the Solar System. One striking feature of the exoplanet census
is that the vast majority of known planets reside quite close to their host stars,
with orbital periods of less than a hundred days. Our galaxy is replete with hot
Jupiters, sub-Neptunes, and super-Earths orbiting their stars more quickly than
Mercury orbits the Sun. These close-in planets are bombarded by high-energy
stellar radiation, which heats their upper atmospheres and triggers mass loss via
hydrodynamic escape. This means that planetary sizes, masses, and compositions
can be substantially altered from their values at formation.

This thesis presents five studies aimed at elucidating the irradiation-driven evolution
of close-in extrasolar planets. In the first study, we demonstrate a technique for high-
precision ground-based infrared transit photometry using a beam-shaping diffuser in
the Wide-field Infrared Camera (WIRC) on the Hale 200-inch Telescope at Palomar
Observatory. We observed transits in four systems discovered by the Kepler mission:
Kepler-29, Kepler-36, Kepler-177, and KOI-1783. The eight planets in these systems
reside close to mean-motion resonances and experience detectable transit-timing
variations due to their dynamical interactions. Using diffuser-assisted photometry,
we measured transit light-curves for one planet in each system, and using the transit
timings we refined dynamical mass estimates for the eight planets by up to a factor
of three. Notably, we found that our diffuser-assisted observing mode outperforms
the Spitzer Space Telescope in relative photometric precision for stars fainter than
𝐽 ≈ 10.5.

In the second study, we applied diffuser-assisted photometry to the study of atmo-
spheric evolution. We commissioned a narrowband filter centered on the infrared
metastable helium triplet at 1083 nm, which is a tracer of the planetary mass-loss
rate and thermosphere temperature. By using this filter in concert with our beam-
shaping diffuser, we were able to achieve precise constraints on helium absorption
in planetary atmospheres. We used this filter to observe the gas giant exoplanets
WASP-69b and WASP-52b, and found an excess absorption of 0.498 ± 0.045%
for the former planet (consistent with observations by Nortmann et al., 2018) and
an upper limit of < 0.47% for the latter planet. We interpreted these absorption
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signals using a one-dimensional isothermal Parker wind model, and demonstrated
the present-day stability of these planets’ atmospheres to photoevaporation.

In the third study, we used our narrowband helium photometry technique to study
three planets orbiting the young Solar analogue V1298 Tau. Atmospheric escape
driven by high-energy stellar radiation is hypothesized to be most vigorous at early
times, and this system is only 23 million years old, making it an excellent target
for mass-loss observations. We revealed a tentative outflow signal for V1298 Tau d
with Δ𝑅d/𝑅★ = 0.0205± 0.054 across two partial transit observations; if confirmed
this would be the first directly observed mass-loss signature for a transiting planet
less than 100 Myr old. We also reported non-detections for planets b and c in one
partial and one full transit observation, respectively. In the case of planet c, this
may be due to strong ionization in the upper atmosphere, which could indicate low
mass-loss efficiencies for close-in planets at early times.

In the fourth study, we described a theoretical technique for partially resolving the
degeneracy between thermosphere temperature and mass-loss rate when interpreting
metastable helium observations with a one-dimensional isothermal Parker wind
model. The mechanical energy flux of a planetary outflow cannot exceed its energy
input, and by calculating the energy input explicitly from photoionization physics we
demonstrate that not all combinations of the mass-loss rate and outflow temperature
satisfy energy balance. When combining this energetic constraint with metastable
helium observations, we demonstrate that the present-day outflows of HAT-P-11b
and WASP-69b must be relatively weak ( ¤𝑀 ≲ 1011.5 g/s).

Finally, in the fifth study, we surveyed atmospheric escape in a sample of seven low-
density gas giant planets using diffuser-assisted narrowband helium photometry. We
strongly detect helium absorption signals for WASP-69b, HAT-P-18b, and HAT-P-
26b; tentatively detect signals for WASP-52b and NGTS-5b; and do not detect signals
for WASP-177b and WASP-80b. We interpret these measured excess absorption
signals using grids of Parker wind models to derive mass-loss rates, which are in
good agreement with predictions from the hydrodynamical outflow code ATES for
all planets except WASP-52b and WASP-80b. For these two planets, the outflows
are much smaller than predicted, perhaps due to confinement by magnetic fields.
The rest of the sample is consistent with a mean energy-limited outflow efficiency
of 𝜀 = 0.41+0.16

−0.13. Even when we make the relatively conservative assumption that
gas-giant planets experience energy-limited outflows at this efficiency for their entire
lives, photoevaporation would still be too inefficient to carve the upper boundary of
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the Neptune desert. We conclude that this feature of the exoplanet population is a
pristine tracer of giant planet formation and migration mechanisms.
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C h a p t e r 1

INTRODUCTION

1.1 The Planetary Census
The first exoplanet orbiting a Sun-like star, 51 Pegasi b, was discovered by Mayor
and Queloz (1995). The 0.5 𝑀J mass inferred for the planet was not so surprising
given the masses of giant planets in our Solar System, but the incredibly short orbital
distance was: 51 Pegasi b orbits its host star every 4.2 days. This “hot Jupiter” has
no counterpart in our Solar System, and its discovery raised a foundational question
of for the field of exoplanets: how did this planet form and evolve?

Nearly thirty years have passed since that landmark discovery, and since then over
five thousand planets have been discovered orbiting nearby stars. Most of these
planets orbit their stars more quickly than Mercury orbits our Sun; we show the
orbital periods and planetary masses of known planets collected by the NASA
Exoplanet Archive (Akeson et al., 2013) in Figure 1.1. These results demonstrate
that close-in planets are not an anomaly. Approximately 1% of Sun-like stars
host a Jovian planet with 𝑃 < 100 days (Dawson and Johnson, 2018), and that
number grows substantially for sub-Neptune (2𝑅⊕ < 𝑅p < 4𝑅⊕) and super-Earth
(𝑅⊕ < 𝑅p < 2𝑅⊕) planets (e.g. Fulton et al., 2017).

Despite these incredible advances in our knowledge of the planetary census, the
foundational question put forward by Mayor and Queloz (1995) remains unresolved.
There are three possible mechanisms that have been proposed to explain the origin
of hot Jupiters (Dawson and Johnson, 2018). Though previously dismissed as a
possibility, recent studies have argued that hot Jupiters could form in situ (close
to their present locations) provided that there are sufficiently large (∼10𝑀⊕) cores
capable of triggering core-nucleated accretion (Pollack et al., 1996) located in the
inner protoplanetary disk well prior to its dissipation (P. Bodenheimer, Hubickyj,
and Lissauer, 2000; Batygin, P. H. Bodenheimer, and Laughlin, 2016). Hot Jupiters
may also have formed much further from their host stars and migrated to their
present locations assisted by torques from their protoplanetary disks; most disks
dissipate in less than ∼ 10 Myr so this process must occur relatively early in the
system’s lifetime (Ida and Lin, 2008). Finally, hot Jupiters may have migrated to
their present locations on more leisurely timescales (∼ Gyr) via high-eccentricity
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Figure 1.1: Masses and orbital periods of known exoplanets from the NASA Exo-
planet Archive (Akeson et al., 2013).

migration. Some mechanism (like planet-planet scattering or the Kozai-Lidov effect)
is assumed to pump the planetary eccentricity, bringing the periastron of the orbit
close to the star. The orbit then tidally circularizes, leaving a hot Jupiter (Rasio and
Ford, 1996).

Each of these formation mechanisms has advantages and disadvantages in explaining
features of the exoplanet population. Disk migration and in situ formation are able
to comfortably explain the existence of low-eccentricity warm (𝑃 = 10 − 200 days)
Jupiters, the presence of Jupiter-sized planets in short orbits around young stars,
and the presence of warm Jupiters with nearby super-Earths (Dawson and Johnson,
2018). However, it remains unclear whether large cores can make it to the inner
gas disk before dissipation. High-eccentricity migration, on the other hand, can
naturally explain warm hot Jupiters on elliptical orbits, but the eccentricity excitation
mechanism remains unknown. Ngo et al. (2016) found that stellar companions are
unlikely to have excited hot Jupiter progenitor eccentricities via the Kozai-Lidov
effect, but Knutson et al. (2014) and Bryan et al. (2016) have shown that massive
planetary companions between 1-20 au are relatively common in hot Jupiter systems.
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Dynamical interactions between the hot Jupiter progenitor and these companions
could have increased progenitor eccentricities to necessary values at early times.

An important demographic feature that may yield insights into the question of
hot Jupiter formation and evolution is the Neptune desert, a void of Neptune mass
planets on short (𝑃 < 10 day) orbits (Mazeh, Holczer, and Faigler, 2016). The upper
boundary of the Neptune desert – equivalently, the lower boundary of the hot Jupiter
population – may be a relic of high-eccentricity migration (Matsakos and Königl,
2016; Owen and Lai, 2018). Neptune-mass planets undergoing high-eccentricity
migration could have had pericenter passages too close to their host stars, leading
ultimately to their tidal disruption. Alternatively, if gas giants form in situ or migrate
early via the gas disk, they experience severe high-energy irradiation for the first
∼Gyr of their lives (King and Wheatley, 2021; Johnstone, Bartel, and Güdel, 2021).
This radiation can heat the planetary atmospheres (via photoionization) and drive
hydrodynamic escape, a process called “photoevaporation” (Murray-Clay, Chiang,
and Murray, 2009). If photoevaporation is efficient enough, the Neptune desert
could be cleared by atmospheric loss (Kurokawa and Nakamoto, 2014).

1.2 The Transit Technique
The most successful technique to date for detecting extrasolar planets is the transit
technique, which is employed by the planet-hunting missions Kepler (Borucki et al.,
2010) and TESS (Ricker et al., 2015). By chance, the orbits of some extrasolar
planets are aligned with our line of sight (𝑖 ∼ 90◦). When this happens, the planets
pass in front of their host stars and block out some of their light. The fractional
amount of light blocked out is referred to as the “transit depth”. In the simplest
picture of a hard-sphere planet transiting a static, uniform-brightness star, the transit
depth can be written as a ratio of the sky-projected surface areas of the planet and
star, or equivalently, as the square of the radius ratio:

𝛿 =
𝜋𝑅2

p

𝜋𝑅2
★

=

( 𝑅p

𝑅★

)2
. (1.1)

The transit depth can change as a function of wavelength due to limb-darkening
effects in the host star. Atomic and molecular absorption also cause the transit depth
to change with wavelength; if an atom or molecule is abundant in the planetary
atmosphere, it may absorb substantial amounts of light, increasing the transit depth.
The amount of extra absorption is proportional to the isothermal scale height of the
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atmosphere (e.g. Sara Seager, 2010):

𝐻 =
𝑘B𝑇

𝜇𝑔
, (1.2)

where 𝑘B is Boltzmann’s constant, 𝑇 is the atmospheric temperature (usually taken
to be the equilibrium temperature), 𝜇 is the mean particle mass for the atmosphere
measured in grams, and 𝑔 is the surface gravity of the planet.

1.3 Atmospheric Escape
Insights into the second part of the question from Mayor and Queloz (1995) came
relatively quickly: planetary atmospheres are affected by their intense radiation
environments, as first revealed by the strong Lyman-𝛼 detection for HD 209458b.
This planet transits its host star, blocking out 1.5% of the star’s light at optical
wavelengths (Charbonneau et al., 2000). However, in the ultraviolet Lyman-𝛼 line
at 121.6 nm, the planet blocks out a whopping 15±4% of its stars light (Vidal-Madjar
et al., 2003). Lyman-𝛼 absorption occurs when ground-state neutral hydrogen atoms
encounter and absorb radiation at 121.6 nm. Equation 1.1 tells us that this absorption
comes from hydrogen atoms at an altitude of

√︃
15%
1.5%𝑅p ≈ 3𝑅p. We can compare this

to the Roche lobe distance, beyond which material is unbound from the planet:

𝑅Roche ≈ 𝑎
( 𝑀p

3𝑀★

)1/3
. (1.3)

For HD 209458b, the Roche radius is 2.7𝑅p. Thus, some of the neutral hydrogen
atoms observed in Lyman-𝛼 must be escaping the planet.

The qualitative conclusion from these early Lyman-𝛼 observations was that atmo-
spheric mass loss is occurring, but the question of how much mass loss remained
unanswered for some time. It turns out that Lyman-𝛼 is a rather poor observational
tracer for the mass-loss rate ¤𝑀 (Owen, Murray-Clay, et al., 2021). Additionally,
the core of the line (where most of the absorption occurs) is typically obscured by
interstellar absorption and geocoronal emission, obfuscating the physical processes
in action.

A viable path towards estimating planetary mass-loss rates was finally demonstrated
by Antonija Oklopčić and Hirata (2018). These authors considered the metastable
helium feature, a triplet of lines near 1083 nm arising from an excited state of the
helium atom. While S. Seager and Sasselov (2000) were the first to propose that
helium absorption may be observable in planetary atmospheres, Antonija Oklopčić
and Hirata (2018) established the critical connection between the metastable helium
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triplet and planetary outflows. They used a one-dimensional isothermal Parker wind
model (parameterized by a mass-loss rate ¤𝑀 and a thermosphere temperature 𝑇0) to
estimate the density structure of a planetary outflow and computed the steady-state
level populations for helium in the outflow to arrive at relatively large metastable
helium signal.

Remarkably, around the same time this methodology was established, Spake, Sing,
et al. (2018) discovered helium in the outflowing atmosphere of WASP-107b. Using
observations from the Hubble Space Telescope Wide-Field Camera 3, these authors
reported that the planet appeared to block out excess light at 1083 nm compared
to other wavelengths. They deduced that at high resolving power, the outflow
probably filled a substantial fraction of the planetary Roche lobe, which has since
been confirmed many times over (Allart et al., 2019; Kirk et al., 2020; Spake, A.
Oklopčić, and Hillenbrand, 2021).

Together, the insights of Spake, Sing, et al. (2018) and Antonija Oklopčić and
Hirata (2018) give a methodology for systematically and quantitatively constraining
the mass-loss rates of extrasolar planets: measure the strength of the absorption in
the metastable helium line, and interpret that absorption using a one-dimensional
isothermal Parker wind model. The majority of this thesis is inspired by those two
works in a quest to better understand the physics of mass loss in gas-giant exoplanets.
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C h a p t e r 2

DIFFUSER-ASSISTED INFRARED TRANSIT PHOTOMETRY
FOR FOUR DYNAMICALLY INTERACTING KEPLER

SYSTEMS

Vissapragada, Shreyas et al. (Mar. 2020). “Diffuser-assisted Infrared Transit Photom-
etry for Four Dynamically Interacting Kepler Systems”. In: AJ 159.3, 108, p. 108.
doi: 10.3847/1538-3881/ab65c8. arXiv: 1907.04445 [astro-ph.EP].

2.1 Introduction
The Kepler mission (Borucki et al., 2010) has revealed thousands of transiting
exoplanets and exoplanet candidates over the past decade, many of which reside
in multi-planet systems. Dynamical interactions between planets in these systems
cause deviations from the expected Keplerian behavior that can change both the
timing and duration of transits (Agol, J. Steffen, et al., 2005; Holman and Murray,
2005; Agol and Fabrycky, 2018). In systems where planetary periods are close to
integer multiples of each other – in other words, for planets close to or occupying
mean motion resonances – the amplitude of transit timing variations (TTVs) and
transit duration variations (TDVs) may become observable and reveal the dynamical
architecture of the system. Approximately 10% of Kepler Objects of Interest (KOIs)
exhibit significant long-term TTVs (Tomer Holczer et al., 2016). Most of these
planets are on ≲ 100 day orbits, with eccentricities of a few percent and sizes
ranging from 1-10 𝑅⊕ (Tomer Holczer et al., 2016; Hadden and Lithwick, 2017).

TTV analyses have yielded a wealth of information about the properties of Kepler
multi-planet systems, but arguably their most valuable contribution to date has
been estimates of planet masses and densities for systems that are not amenable to
characterization using the radial velocity (RV) technique (e.g. Wu and Lithwick,
2013; Jontof-Hutter, Ford, et al., 2016; Hadden and Lithwick, 2017). These density
constraints are especially critical for interpreting the bimodal radius distribution
observed for close-in planets, which peaks at approximately 1.3 and 2.5 𝑅⊕ (Fulton,
Petigura, et al., 2017; Fulton and Petigura, 2018). It has been suggested that
this distribution is well-matched by models in which a subset of highly irradiated
rocky planets have lost their primordial atmospheres while more distant planets
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retain modest (few percent in mass) hydrogen-rich atmosphere that inflate their
observed radii (Owen and Wu, 2013; Lopez and Jonathan J. Fortney, 2013; Lopez
and Jonathan J. Fortney, 2014; Fulton, Petigura, et al., 2017; Owen and Wu, 2017;
Fulton and Petigura, 2018). Measuring the bulk density of planets in this size regime
is thus a direct test of these photoevaporative models.
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Figure 2.1: Planet radius as a function of orbital period for all non-TTV Kepler
planets (gray points) and the Kepler TTV sample (black points), along with the
dynamically interacting planets with improved masses from this work (blue stars).
The colored contours are the relative planet occurrence contours calculated by
Fulton and Petigura (2018), and the gray highlighted region denotes the region of
low completeness at 𝑃 > 100 days.

In Figure 2.1, we plot all confirmed Kepler planets (with those exhibiting TTVs
specially marked) on the radius-period plane, following Fulton, Petigura, et al.
(2017). In general, the TTV sample allows for characterization of planets that are
1.75𝑅⊕ and larger (on the sub-Neptune side of the bimodal radius distribution),
with periods longer than a week. While the radial velocity technique is most
sensitive to short-period planets with relatively high densities, TTV observations
are well-suited to characterizing long period and/or low-density planets, making it
an important tool for probing this region of parameter space (J. H. Steffen, 2016;
Mills and Tsevi Mazeh, 2017). Indeed, this technique has already revealed the
existence of a separate sub-population of “super-puffs,” a rare class of super-Earths



11

with very low bulk densities and relatively long orbital periods (Masuda, 2014;
Jontof-Hutter, Lissauer, et al., 2014). Unlike the broader super-Earth population,
which some studies argue could have formed in situ, it is thought that these planets
may have accreted their envelopes at large stellocentric distances and then migrated
inward to their current locations in resonant chains (Ikoma and Hori, 2012; Lee,
Chiang, and Ormel, 2014; Ginzburg, Schlichting, and Sari, 2016; Lee and Chiang,
2016; Schlichting, 2018).

These previous studies showcase the crucial role of Kepler TTVs in testing theories
of planet formation and evolution. The failure of Kepler’s second reaction wheel
in 2013, however, effectively limited the baseline of these TTV analyses to four
years. This makes it particularly challenging to constrain masses and bulk densities
for long-period planets with a relatively small set of measured transits during this
four-year period. In addition, uncertainties in the orbital solutions grow over time,
making future in-transit observations (for instance, those aimed at atmospheric
characterization) increasingly difficult to schedule with confidence.

These problems can be ameliorated with ground- or space-based follow-up obser-
vations (Petigura, Björn Benneke, et al., 2018; S. Wang et al., 2018). However,
many of the Kepler planets exhibiting TTVs orbit faint (𝑉 > 12) stars, making it
difficult to achieve the required photometric precision using existing space-based
facilities with small apertures, such as the Spitzer Space Telescope. Additionally,
Spitzer will be decommissioned in January 2020, necessitating an alternative ap-
proach to follow-up observations. Although ongoing observations by the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al., 2015) are expected to recover a few
hundred Kepler planets (Christ, Montet, and Fabrycky, 2019), short-cadence data
from the nominal mission will only improve the mass uncertainties for 6-14 of the
∼150 currently known Kepler TTV planets (Goldberg et al., 2019). This is due
to the limited photometric precision and relatively short baseline of TESS relative
to Kepler. While TESS is expected to recover additional transits in an extended
mission scenario, these detections will still constitute less than 20% of the overall
Kepler TTV sample (Goldberg et al., 2019).

Ground-based observatories can in principle recover transits for faint Kepler stars
with long period planets, and coordinated multi-observatory campaigns have shown
promise in achieving the requisite phase coverage (Freudenthal et al., 2018; von
Essen, A. Ofir, et al., 2018; S. Wang et al., 2018). However, their photometric
precisions are typically limited by low observing efficiencies and the presence
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of time-correlated noise due to imperfect guiding and point-spread function (PSF)
variations (Zhao et al., 2014; Croll et al., 2015; Gudmundur Stefansson, Mahadevan,
et al., 2017). These difficulties can be mitigated by using diffusers to control the
shape of the point spread function (PSF) and spread out light from the star over a
larger area. Diffusers have already been installed on several ground-based telescopes
and have been shown to achieve significantly better photometric precision than more
traditional observing techniques (Gudmundur Stefansson, Mahadevan, et al., 2017;
Gudmundur Stefansson, Li, et al., 2018; von Essen, G. Stefansson, et al., 2019).

Here, we present diffuser-assisted TTV follow-up observations of four Kepler planets
in dynamically interacting systems. We discuss our sample selection methodology
and our observations of the four-planet sample with the Wide-field InfraRed Camera
(WIRC; J. C. Wilson et al., 2003) in Section 2.2. In Section 2.3, we describe our
image calibration, data reduction, light curve modeling, and dynamical modeling
methods. We then present our results for each system in Section 2.4, along with
some brief comments on the general performance of our instrument. In Section 2.5,
we discuss some of the scientific implications of our new dynamical mass constraints
within the broader exoplanet population, and we conclude with a summary of our
results and a look towards future possibilities in Section 2.6.

2.2 Observations
Sample Selection
In this study we focused on the set of multi-planet systems from the original Kepler
survey. We began by estimating the expected TTV signal strength for all planet
pairs in order to identify the systems most likely to exhibit strong transit timing
variations. We estimated the minimum mass of a planet from its radius, and then
estimated the chopping signal and near-first order resonant TTV signal for planet
pairs given their orbital periods. We then use the number of transits and the transit
timing uncertainty to estimate a minimum TTV signal-to-noise ratio (SNR) in the
limit of circular orbits. For systems exhibiting TTVs with high SNRs, we performed
dynamical fits to the long cadence transit times in Rowe and Thompson (2015). We
fit five parameters per planet, including the orbital period and phase at a chosen
epoch, the two eccentricity vector components, and the dynamical mass. We then
mapped the resulting posterior using Differential Evolution Markov Chain Monte
Carlo sampling (Jontof-Hutter, Ford, et al., 2016). Since mutual inclinations are a
second-order effect for the TTV amplitude, we assumed coplanarity in our models
(Lithwick, J. Xie, and Wu, 2012; Nesvorný and Vokrouhlický, 2014; Jontof-Hutter,
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Ford, et al., 2016). We then forward modeled sample solutions for each system in
order to identify those with the most strongly diverging TTV predictions. A detailed
report of our forward modeling is in preparation.

We selected targets for our WIRC program from the subset of systems with strongly
detected TTVs and dynamical solutions that diverged measurably in the years fol-
lowing the end of the primary Kepler mission. We excluded systems where the 1𝜎
range of predicted transit times at the epoch of our proposed WIRC observation was
greater than one hour, as this meant that there was a significant possibility that the
transit might occur outside our window of observability. In order to ensure that the
measured transit time was likely to provide a useful constraint on the dynamical fit
we also calculated the expected timing precision of a new WIRC observation and
excluded systems where this uncertainty was greater than the 1𝜎 range in predicted
transit times.

Within this sample of systems, we searched for targets with an ingress and/or
egress visible from Palomar between August 2017 and May 2018. We then ranked
the targets in our sample based on predicted signal-to-noise ratio (SNR) scaled
from early WIRC commissioning data (Gudmundur Stefansson, Mahadevan, et al.,
2017), and prioritized observations of the highest SNR targets. We ultimately
obtained high-quality light curves for four confirmed and candidate planets from
this ranked list, including: Kepler-29b, Kepler-36c, KOI-1783.01, and Kepler-177c.
The predicted mid-transit times for these planets are shown in Table 2.1.
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New WIRC Observations
We observed our four selected systems in J band with WIRC, which is located at the
prime focus of the Hale 200" telescope at Palomar Observatory (J. C. Wilson et al.,
2003). The current 2048 × 2048 pixel Hawaii-II HgCdTe detector was installed
in January 2017, along with 32-channel readout electronics that allow for a read
time of 0.92 s (Tinyanont et al., 2019). The instrument has an 8.′7 × 8.′7 field of
view with a pixel scale of 0.′′2487, ensuring that (at least for the magnitude range in
our sample) there are always on the order of ten stars with comparable brightness
contained within the same field of view as our target star.

We utilize the custom near-infrared Engineered Diffuser described in Gudmundur
Stefansson, Mahadevan, et al. (2017) to mitigate time-correlated noise from PSF
variations and improve our observing efficiency. The diffuser delivers a top-hat
PSF with a full width at half maximum (FWHM) of 3′′. We also minimize the
time-correlated noise contribution from flat-fielding errors by utilizing precision
guiding software (Zhao et al., 2014). WIRC does not have a separate guide camera,
but instead guides on science images by fitting 2D Gaussian profiles to comparison
stars and determining guiding offsets on each image. For these observations, we find
that the position of the star typically varies by less than 2-3 pixels over the course
of the night, with the largest position drift occurring at high airmass where accurate
centroid measurements become more challenging.

Dates, times, and airmasses for each observation are reported in Table 2.1. For
Kepler-29, Kepler-36, and Kepler-177, we observed continuously during the obser-
vation windows. During our observation of KOI-1783 there were three breaks in
data acquisition due to a malfunctioning torque motor causing a temporary loss of
telescope pointing.

Exposure times are also reported in Table 2.1, and were chosen to keep the detector
in the linear regime. WIRC commissioning tests have shown the detector to be
linear to ∼ 0.5% at 22,000 ADU (Tinyanont et al., 2019). When choosing exposure
times, we aimed to keep the maximum count level at or below 20,000 ADU in order
to accommodate potential changes in airmass and sky background. In some cases,
frames were co-added during the night to increase observing efficiency as noted in
Table 2.1.
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2.3 Data Reduction and Model Fits
Image Calibration and Photometry
For each night, we construct a median dark frame and a flat field. During the
construction of the dark and flat, we also construct a global bad pixel map with the
procedure described by Tinyanont et al. (2019). Each image is dark subtracted and
flat-fielded, and each bad pixel is replaced with the median of the 5 pixel × 5 pixel
box surrounding the errant value. The total number of bad pixels is approximately
0.6% of the full array (Tinyanont et al., 2019). During the calibration sequence,
mid-exposure times are converted to Barycentric Julian Date in the Barycentric
Dynamical Time standard (BJDTDB), following the recommendation of Eastman,
Siverd, and Gaudi (2010). All of the above steps are performed by the WIRC Data
Reduction Pipeline, which was originally developed to automatically handle large
sets of polarimetric data (Tinyanont et al., 2019).

We perform aperture photometry using the photutils package (Bradley et al.,
2016). We begin by using the first science image as a “finding frame” and detect
sources using the DAOStarFinder function (based on Stetson, 1987). Sources that
are close to the detector edge and those with overlapping apertures are removed auto-
matically. The target star is registered by comparison to an Aladin Lite finding chart
(Bonnarel et al., 2000; Boch and Fernique, 2014). We then perform the photometry
using a range of circular apertures with radii ranging between 6 and 18 pixels in
one pixel steps, using the same aperture for all stars in each image. With WIRC’s
∼ 0.′′25/pixel scale, the diffuser is expected to deliver stellar PSFs with a FWHM of
12 pixels, but the actual FWHM changes with stellar brightness. For each image,
we calculate and subtract the median background via iterative 3𝜎 clipping with
the sigma_clipped_stats function in astropy with a five-iteration maximum
specified (Astropy Collaboration, Robitaille, et al., 2013; Astropy Collaboration,
Price-Whelan, et al., 2018). After this, we re-calculate the source centroids via iter-
ative flux-weighted centroiding and shift apertures accordingly for each individual
image. The local sky background is then estimated using an annular region around
each source with inner radius of 20 pixels and outer radius of 50 pixels. We find that
iterative sigma-clipping of this background region (this time with a 2𝜎 threshold) is
sufficient to reconstruct the mean local background, even though the fields are fairly
crowded.

After raw light curves are obtained for each aperture size, we choose the ten compar-
ison stars that best track the time-varying flux of the target star (i.e. those that have
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the minimal variance from the target star). We clean the target and comparison light
curves by applying a moving median filter (of width 10 data points) to the target
star dataset and removing 3𝜎 outliers. We then select the optimal aperture by mini-
mizing the root mean square (RMS) scatter after the light curve fitting described in
the next section. Our optimal aperture radii were 8 pixels for Kepler-29b, 14 pixels
for Kepler-36c, 10 pixels for KOI-1783.01, and 10 pixels for Kepler-177c. We find
that our preferred apertures for each target increase in size with increasing stellar
brightness, and all preferred apertures are comparable in size to the aforementioned
12 pixel FWHM expected for the diffuser.

Kepler Light Curves
Of the four planets in our sample, only one (Kepler-29b) had a transit duration short
enough to allow us to observe a full transit; for the other three planets our observa-
tions spanned ingress or egress, but not both. This introduces a degeneracy between
the mid-transit time and transit duration (parameterized here by the inclination and
semi-major axis) in our fits to these four transits. We resolve this degeneracy by car-
rying out joint fits with the original Kepler photometry, where we assume common
values for the transit depth (𝑅p/𝑅★)2, the inclination 𝑖, and the scaled semi-major
axis 𝑎/𝑅★. Although we would expect the transit depth to vary as a function of
wavelength if any of these planets have atmospheres, the maximum predicted mag-
nitude for this variation (corresponding to a cloud-free, hydrogen-rich atmosphere)
is much smaller than our expected measurement uncertainty for the change in transit
depth (𝑅p/𝑅★)2 between the optical Kepler band and our 𝐽 band photometry. This
effect would be strongest for the low-density planet Kepler-177c, but even then,
the maximal variation is of order 200 ppm versus our WIRC 𝐽 band precision of
roughly 1300 ppm. We found that constraining the transit depth to the Kepler value
resulted in smaller transit timing uncertainties for our partial transit observations,
which otherwise exhibited correlations between the transit depth, the transit time,
and the linear trend in time.

We processed the Kepler long-cadence simple aperture photometry (SAP) light
curves for each star in our sample using the kepcotrend function in the PyKE
package (Still and Barclay, 2012). To avoid errors in light curve shape introduced
by assuming a linear ephemeris, we cut out individual light curves from the cotrended
Kepler data using lists of individual transit times from Tomer Holczer et al. (2016)
when possible and otherwise using Rowe and Thompson, 2015. We selected our
trim window to provide two transit durations of both pre-ingress and post-egress
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baseline. After dividing out a linear trend fit to the out-of-transit baseline for each
light curve, we combined all transits into a single transit light curve with flux as a
function of time from transit center.

This process assumes that TDVs do not strongly bias our retrieved transit shapes.
For systems with large amplitude TDVs it may become necessary to perform pho-
todynamical modeling in order to properly treat the time-varying transit shape (e.g.
Freudenthal et al., 2018). However, Tomer Holczer et al., 2016 examined data
spanning the full length of the Kepler mission and did not detect TDVs for any of
the targets in our sample. To further justify our assumption that TDVs have a neg-
ligible impact on the measured signals, we calculated the expected TDV amplitude
for Kepler-177c (a planet with long period and large impact parameter that is more
prone to nodal precession). The maximum TDV amplitude is of order 0.1 hr over
the 10 year baseline. The WIRC data alone are not sensitive to transit duration
changes on this timescale, since we only detect ingress or egress for most transits.
Additionally, the precision on the transit timing in the joint fits tend to be much more
uncertain than 0.1 hr, meaning that TDV effects will not compromise our final TTV
constraints. We conclude that we can safely ignore TDVs in our treatment of these
data.

Light Curve Fitting
To fit the Kepler and WIRC light curves, we first constructed light curve models
defined by observed quantities and fit parameters. We then constructed appropri-
ate likelihood and prior functions and sampled the resultant posterior probability
numerically to obtain estimates of the best-fit parameters and their associated un-
certainties. The outputs of the WIRC photometry pipeline are an array of times
®𝑡 = (𝑡1, 𝑡2, ..., 𝑡𝑛), the target data array ®𝑦 = (𝑦1, 𝑦2, ..., 𝑦𝑛) (with 𝑦𝑖 referring to the
measurement at time 𝑡𝑖), and comparison star arrays ®𝑥 𝑗 = (𝑥1, 𝑥2, ..., 𝑥𝑛). Collec-
tively, the comparison stars define a matrix X, with one comparison star ®𝑥 𝑗 in each
row of the matrix.

We aim to fit the target ®𝑦 with a model ®𝑀 that depends on the depth of the transit
(𝑅p/𝑅★)2, the transit center time 𝑡0, the inclination 𝑖, the ratio of semi-major axis
to stellar radius 𝑎/𝑅★, and a linear trend in time 𝛼. That model can be written as
follows (loosely following the notation of Diamond-Lowe et al., 2018):

®𝑀 = [𝛼®𝑡 + ®𝑆] × ®𝑇WIRC((𝑅p/𝑅★)2, 𝑡0, 𝑖, 𝑎/𝑅★), (2.1)
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where ®𝑆 is the systematics model, ®𝑇WIRC is the transit model, and the multiplication
is meant to denote a pointwise product. We use the batman code to construct
the transit model (Kreidberg, 2015) and fix the planet eccentricities to zero. The
eccentricities of multi-planet Kepler systems are typically small, with a population
mean of 𝑒 = 0.04+0.03

−0.04 (J.-W. Xie et al., 2016), and the effect of these eccentricities on
the shape of the transit light curve is negligible for these data. We use four-parameter
nonlinear limb darkening coefficients from Claret and Bloemen (2011), assuming
stellar parameter values from Petigura, Howard, et al. (2017) that are reproduced in
Table 2.2.

Table 2.2: Stellar parameters for the stars in our sample.

Target 𝑇eff [Fe/H] log(𝑔) 𝑀★ 𝑅★
(K) (dex) (log(cm/s2)) (𝑀⊙) (𝑅⊙)

Kepler-29 5378+60
−60 −0.44+0.04

−0.04 4.6+0.1
−0.1 0.761+0.024

−0.028 0.732+0.033
−0.031

Kepler-36 5979+60
−60 −0.18+0.04

−0.04 4.1+0.1
−0.1 1.034+0.022

−0.022 1.634+0.042
−0.040

KOI-1783 5922+60
−60 0.11+0.04

−0.04 4.3+0.1
−0.1 1.076+0.036

−0.032 1.143+0.031
−0.030

Kepler-177 5732+60
−60 −0.11+0.04

−0.04 4.1+0.1
−0.1 0.921+0.025

−0.023 1.324+0.053
−0.051

Spectroscopic parameters (𝑇eff , [Fe/H], and log(𝑔)) are taken from Fulton,
Petigura, et al. (2017), and physical parameters (𝑀★ and R★) are from Fulton
and Petigura (2018).

For ground-based observations, we expect the measured flux from each star to vary
as a function of the airmass, centroid drift, seeing changes, transparency variations,
and other relevant parameters. However, all of the stars on our wide-field detector
should respond similarly to changes in the observing conditions. In particular, we
expect that stars of approximately the same 𝐽 magnitude and color will track closely
with the light curve of our target star. We therefore define our systematics model as
a linear combination of comparison star light curves. This allows us to empirically
model these effects without explicitly relating them to the relevant atmospheric and
telescope state parameters via a parametric model. We determine the coefficients
for the linear combination via a linear regression fit to the target light curve after
dividing out the transit light curve model (which we call the “target systematics”
®𝑆target). We calculate new linear coefficients every time the transit light curve is
modified. Mathematically, the target systematics can be written:

®𝑆target =
®𝑦

®𝑇WIRC((𝑅p/𝑅★)2, 𝑡0, 𝑖, 𝑎/𝑅★)
− 𝛼®𝑡, (2.2)
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where division is meant to be pointwise, and the linear regression defining the
systematics model can be written:

®𝑆 = P ®𝑆target, (2.3)

where the projection matrix P comes from the comparison stars and can be written:

P = X𝑇 (XX𝑇 )−1X (2.4)

Equations (2.1)–(2.4) thus define the model ®𝑀 solely as a function of the observed
quantities {®𝑡, ®𝑦,X} and the fit parameters {(𝑅p/𝑅★)2, 𝑡0, 𝛼, 𝑖, 𝑎/𝑅★}. To give a sense
for how our systematics removal looks in practice, in Figure 2.2 we show the raw
and detrended light curves for KOI-1783.01 along with the best systematics and
transit models.

As discussed in §2.3, we fit the WIRC photometry jointly with the Kepler photometry
in order to avoid a strong degeneracy between mid-transit time and transit duration.
The Kepler photometry consists of an array of times ®𝑡𝐾𝑒𝑝 = (𝑡1, 𝑡2, ..., 𝑡𝑛) and the
corresponding detrended target data array ®𝑦𝐾𝑒𝑝 = (𝑦1, 𝑦2, ..., 𝑦𝑛). Because these
data are already detrended and phased together, the model ®𝑀𝐾𝑒𝑝 for the Kepler data
is simply a batman transit model:

®𝑀𝐾𝑒𝑝 = ®𝑇𝐾𝑒𝑝 ((𝑅p/𝑅★)2, 𝑖, 𝑎/𝑅★) (2.5)

We supersampled the Kepler light curves to 1 min cadence, and used four-parameter
nonlinear limb darkening coefficients from Sing (2010) calculated specifically for
the Kepler bandpass.

Having defined our models, we can now define our likelihood function. We as-
sume measurements to be Gaussian-distributed and uncorrelated (correlated noise
is considered briefly in §2.4) such that the likelihood takes the form:

log(L) = − 1
2

∑︁
𝑖

log(2𝜋𝜎2
𝑖 ) −

1
2

∑︁
𝑖

( 𝑦𝑖 − 𝑀𝑖

𝜎𝑖

)2

− 1
2

∑︁
𝑖

log(2𝜋𝜎2
𝐾𝑒𝑝,𝑖)

− 1
2

∑︁
𝑖

( 𝑦𝐾𝑒𝑝,𝑖 − 𝑀𝐾𝑒𝑝,𝑖

𝜎𝐾𝑒𝑝,𝑖

)2
, (2.6)
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where the uncertainties 𝜎𝑖 and 𝜎𝐾𝑒𝑝,𝑖 are quadrature sums of the Poisson noise from
the target star and extra noise terms that can be fitted:

®𝜎 =

√︃
®𝜎2

phot,WIRC + 𝜎2
extra,WIRC (2.7)

®𝜎𝐾𝑒𝑝 =
√︃
®𝜎2

phot,𝐾𝑒𝑝 + 𝜎
2
extra,𝐾𝑒𝑝 . (2.8)

Because the extra noise terms are always positive, we fit for log(𝜎extra,WIRC) and
log(𝜎extra,𝐾𝑒𝑝) as a numerical convenience. Also, rather than fitting for 𝑡0 itself, we
define all times relative to the predicted transit times in Table 2.1, and fit for the
offset from that time Δ𝑡0.

We impose priors on all parameters. They are either Gaussian, taking the functional
form:

log(P𝑘 ) = −1
2

log(2𝜋𝜎2
𝑘 ) −

1
2

( 𝑘 − 𝜇𝑘
𝜎𝑘

)2
, (2.9)

or uniform, taking the functional form:

log(P𝑘 ) = log
( 1
𝑘max − 𝑘min

)
, 𝑘min < 𝑘 < 𝑘max; (2.10)

−∞ otherwise.

We placed physically motivated Gaussian priors on 𝑎/𝑅★ calculated from the stellar
parameters reported by Fulton and Petigura (2018), and used uniform priors for all
other variables. We list our priors for the physical fit parameters in Table 2.4.

With the likelihood and priors defined, we can finally write the posterior probability
with Bayes’ Theorem (up to a constant proportional to the evidence):

log(Prob) = log(L) +
∑︁
𝑘

log(P𝑘 ) (2.11)

Then, we seek a solution for the fit parameters (𝑅p/𝑅★)2,Δ𝑡0, 𝑖, 𝑎/𝑅★,𝛼, log(𝜎extra,WIRC),
and log(𝜎extra,𝐾𝑒𝑝) that maximizes log(Prob). We carry out an initial fit using
scipy’s Powell minimizer (Virtanen et al., 2020) and use this solution as a starting
point for the affine-invariant ensemble Markov chain Monte Carlo sampler emcee
(Foreman-Mackey et al., 2013). We burn the chains in for 2 × 103 steps and then
run for 105 steps. This corresponds to at least 500 integrated autocorrelation times
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for each parameter. The maximum a posteriori parameter estimates with associated
68% confidence intervals for all model parameters aside from 𝛼, log(𝜎extra,WIRC),
and log(𝜎extra,𝐾𝑒𝑝) are given in Table 2.4. The best-fit light curves are shown in
Appendix 2.7. Additionally, we plot the posterior distributions for these parameters
in Appendix 2.8.
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Figure 2.2: (Top) Median-normalized photometry for KOI-1783.01, with unbinned
data in gray and data binned by a factor of 10 in black. The breaks in data acquisition
were due to a malfunctioning torque motor. The best-fit systematic noise model is
shown as a red curve. (Middle) Detrended photometry of KOI-1783.01, with the
best-fit light curve model now shown in red. (Bottom) Residuals from the light
curve fitting of the detrended photometry.
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Dynamical Modeling
Our fits to the ground-based WIRC photometry typically resulted in a non-Gaussian
posterior for the mid-transit time. We accounted for these skewed distributions in
our dynamical fits by dividing the posteriors into twenty bins and normalized the
probability density to give a likelihood for each bin, as illustrated in the marginal-
ized timing distributions from Appendix 2.8. We then ran two sets of dynamical
fits for each system using either these skewed timing posteriors or a symmetric
Gaussian distribution with a width equal to the average of our positive and negative
uncertainties.

We fitted dynamical models to the transit timing data using a Differential Evolution
Markov Chain Monte Carlo algorithm (Ter Braak, 2006; Nelson, Ford, and Payne,
2014; Jontof-Hutter, Rowe, et al., 2015; Jontof-Hutter, Ford, et al., 2016). We used
uniform priors for the orbital period and phase and uniform positive definite priors
for the dynamical masses. For each eccentricity vector component, we assumed
a Gaussian distribution centered on 0 with a width of 0.1 for the prior. This
is wider than the inferred eccentricity distribution among Kepler’s multi-planet
systems (Fabrycky, Lissauer, et al., 2014; Hadden and Lithwick, 2014), but TTV
modeling is subject to an eccentricity-eccentricity degeneracy whereby aligned
orbits can have larger eccentricities than allowed by our prior with little effect on the
relative eccentricity (Jontof-Hutter, Ford, et al., 2016). The results of our dynamical
modeling are given in Table 2.5. This table includes orbital periods (solved at our
chosen epoch of BJD = 2455680), masses, and eccentricity vectors for retrievals
with only the Kepler data, retrievals including the new WIRC transit time with a
Gaussian uncertainty distribution, and retrievals using the skewed WIRC timing
posterior. We find that our fits using Gaussian posteriors are generally in good
agreement with results from fits utilizing the skewed transit timing posteriors.

2.4 Results
We determine the significance of each detection in the WIRC data by re-running
the joint fit and allowing the WIRC transit depth to vary independent of the Kepler
transit depth. The confidence is then estimated using the width of the posterior on
the WIRC transit depth. We detect transit signals for all four of our targets with 3𝜎
or greater confidence in the WIRC data alone.

We show various quality statistics for each night of photometry in Table 2.3 (see
Section 2.4 for additional details). Our results for the photometric fits to each
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Table 2.5: Results from our dynamical analysis.

Planet Dataset 𝑃 [days]
(
𝑀p
𝑀⊕

) (
𝑀⊙
𝑀★

)
𝑒 cos(𝜔) 𝑒 sin(𝜔)

Kepler-29b Kep LC 10.33838+0.00030
−0.00027 4.6+1.4

−1.5 -0.060+0.072
−0.071 -0.030+0.072

−0.072
Kep LC + WIRC (G) 10.33974+0.00014

−0.00015 3.7+1.3
−1.3 0.013+0.071

−0.071 -0.016+0.056
−0.063

Kep LC + WIRC (S) 10.33966+0.00015
−0.00017 3.8+1.1

−1.0 0.003+0.068
−0.070 -0.088+0.059

−0.058

Kepler-29c Kep LC 13.28843+0.00048
−0.00053 4.07+2.87

−2.29 0.007+0.063
−0.062 -0.022+0.063

−0.063
Kep LC + WIRC (G) 13.28613+0.00026

−0.00021 3.28+1.06
−1.08 -0.023+0.061

−0.062 -0.022+0.045
−0.055

Kep LC + WIRC (S) 13.28633+0.00031
−0.00027 3.39+0.86

−0.84 -0.007+0.059
−0.061 -0.085+0.051

−0.051

Kepler-36b Kep LC 13.86834+0.00050
−0.00051 3.990+0.093

−0.092 0.050+0.023
−0.025 -0.026+0.034

−0.033
Kep LC + WIRC (G) 13.86825+0.00050

−0.00050 3.972+0.078
−0.074 0.041+0.019

−0.020 -0.011+0.018
−0.018

Kep LC + WIRC (S) 13.86821+0.00049
−0.00049 3.964+0.077

−0.068 0.037+0.019
−0.018 -0.004+0.012

−0.015

Kepler-36c Kep LC 16.21867+0.00010
−0.00010 7.456+0.167

−0.168 0.053+0.021
−0.023 -0.039+0.031

−0.031
Kep LC + WIRC (G) 16.21865+0.00010

−0.00010 7.397+0.104
−0.107 0.046+0.017

−0.018 -0.026+0.017
−0.017

Kep LC + WIRC (S) 16.21865+0.00010
−0.00010 7.371+0.092

−0.093 0.042+0.017
−0.016 -0.019+0.012

−0.014

KOI-1783.01 Kep LC 134.4622+0.0035
−0.0038 90.2+30.3

−23.2 0.0079+0.0080
−0.0050 -0.039+0.012

−0.021
Kep LC + WIRC (G) 134.4628+0.0033

−0.0035 78.1+15.1
−12.9 0.0073+0.0067

−0.0046 -0.048+0.014
−0.015

Kep LC + WIRC (S) 134.4629+0.0033
−0.0036 76.4+11.8

−9.6 0.0072+0.0067
−0.0045 -0.049+0.014

−0.012

KOI-1783.02 Kep LC 284.230+0.044
−0.031 17.1+5.1

−4.3 0.018+0.018
−0.015 -0.011+0.027

−0.032
Kep LC + WIRC (G) 284.215+0.026

−0.021 16.2+4.7
−3.8 0.017+0.015

−0.015 -0.020+0.034
−0.028

Kep LC + WIRC (S) 284.212+0.024
−0.018 16.1+4.6

−3.8 0.017+0.015
−0.014 -0.020+0.034

−0.026

Kepler-177b Kep LC 36.8591+0.0019
−0.0017 5.76+0.84

−0.81 -0.026+0.074
−0.075 -0.014+0.065

−0.068
Kep LC + WIRC (G) 36.8601+0.0015

−0.0014 5.44+0.78
−0.75 0.017+0.052

−0.054 -0.001+0.062
−0.063

Kep LC + WIRC (S) 36.8601+0.0013
−0.0012 5.38+0.78

−0.74 0.020+0.047
−0.048 0.005+0.061

−0.061

Kepler-177c Kep LC 49.40964+0.00097
−0.00097 14.6+2.7

−2.5 -0.027+0.064
−0.065 -0.014+0.056

−0.059
Kep LC + WIRC (G) 49.40926+0.00078

−0.00077 13.9+2.7
−2.5 0.010+0.045

−0.046 -0.003+0.053
−0.054

Kep LC + WIRC (S) 49.40921+0.00072
−0.00074 13.5+2.5

−2.3 0.013+0.040
−0.041 0.003+0.052

−0.053

In the Dataset column, “Kep LC” refers to the transit timings from the Kepler long-cadence light curves,
“WIRC (G)” refers to the transit timing from our observations when assumed to have Gaussian uncertainties,
and “WIRC (S)” refers to the transit timing from our observations taking into account the skewed shape of
our timing posteriors. Also, the orbital period 𝑃 is solved for at our chosen epoch of BJD = 2455680.

observed planet are given in Table 2.4, and the resulting orbital periods, masses,
and eccentricity vectors are presented in Table 2.5. We combine our photometric
and dynamical results with previously computed stellar parameters to yield the
physical planet parameters we report in Table 2.6. Below we discuss WIRC’s
overall photometric performance as well as results for each individual system.

Instrument Performance
Our best photometric performance is for Kepler-177c, where we were only ∼ 20%
above the shot noise. We also investigate how well WIRC mitigates time-correlated
noise, which can lead to underestimated uncertainties in reported transit times. We
calculate the RMS versus bin size for each observation and show the corresponding
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Table 2.6: Physical parameters for the planets in this study.

Planet 𝑀p [𝑀⊕]𝑎 𝑅p [𝑅⊕]𝑏 𝜌p [g/cm3] 𝐹in [𝐹⊕] 𝑐

Kepler-29b 5.0+1.5
−1.3 2.55+0.12

−0.12 1.65+0.53
−0.49 55.9+6.5

−4.8
Kepler-29c𝑑 4.5+1.1

−1.1 2.34+0.12
−0.11 1.91+0.57

−0.54 34.4+3.8
−3.8

Kepler-36b𝑑 3.83+0.11
−0.10 1.498+0.061

−0.049 6.26+0.79
−0.64 247+32

−32
Kepler-36c 7.13+0.18

−0.18 3.679+0.096
−0.091 0.787+0.065

−0.062 191.0+9.7
−10.4

KOI-1783.01 71.0+11.2
−9.2 8.86+0.25

−0.24 0.560+0.101
−0.085 5.70+0.27

−0.27
KOI-1783.02𝑑 15.0+4.3

−3.6 5.44+0.52
−0.30 0.51+0.21

−0.15 2.49+0.35
−0.35

Kepler-177b𝑑 5.84+0.86
−0.82 3.50+0.19

−0.15 0.75+0.16
−0.14 30.4+4.0

−4.0
Kepler-177c 14.7+2.7

−2.5 8.73+0.36
−0.34 0.121+0.027

−0.025 25.4+1.6
−1.6

𝑎 Calculated from our dynamical masses and the stellar masses of
Fulton and Petigura (2018).
𝑏 Calculated from either our measured 𝑅p/𝑅★ or that from Thomp-
son et al. (2018) and stellar radii from Fulton and Petigura (2018).
𝑐 Calculated in the low-eccentricity (𝑒2 << 1) approximation via
𝐹in = 4.62×104𝐹⊕

(𝑇eff
𝑇⊙

)4 ( 𝑎
𝑅★

)−2 (Jontof-Hutter, Ford, et al., 2016),
with effective temperatures from Fulton, Petigura, et al. (2017) and
scaled semi-major axes from our measurements or Thompson et al.
(2018).
𝑑 Radius ratio and scaled semi-major axis taken from Thompson
et al. (2018).

plots in the bottom right panels of Figures 2.7–2.10. We find that Kepler-29b and
KOI-1783.01 appear to have minimal time-correlated noise (see the bottom right
panels in Figures 2.7 and 2.9, respectively). Kepler-36c has some time-correlated
trends on longer timescales, and for Kepler-177c, quasi-periodic noise is readily
visible in both the best-fit residual plot and in the RMS versus bin size plot (see
also the bottom right panel in Figures 2.8 and 2.10, respectively). We tried adding
sinusoids to our fits for these planets, but found that this had a negligible effect on
the overall quality of the fits and the resulting transit timing posteriors.

To derive a representative noise statistic for WIRC, we first calculated the scatter in
10 minute bins for each of our observations. These statistics were then scaled to the
equivalent values for observations of a 14th magnitude star. In some of our earliest
observations we used a sub-optimal co-addition strategy, resulting in relatively
inefficient observations (for Kepler-36c, this increased the noise by 31.1% relative
to a more optimal strategy). We therefore applied an additional correction factor
to to rescale the noise for these inefficient observations to the expected value for
better-optimized observations. Averaging these corrected noise statistics together,
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we find that WIRC can deliver 1613 ppm photometry per 10 minute bin on a J = 14
magnitude star. If we assume that we are able to collect two hours of data in transit
and two hours out of transit, this equates to a precision of 659 ppm on the transit depth
measurement for planets around a J = 14 magnitude star. To highlight the range of
parameter space that this precision opens up, we plot transit depths for all confirmed
transiting exoplanets against host star 𝐽 magnitude in Figure 2.3 along with the 3𝜎
detection thresholds of WIRC and Spitzer. While Spitzer performs better for brighter
stars, WIRC begins to out-perform Spitzer for stars fainter than ∼ 10 magnitude,
doing a factor of 1.6 better at J = 14. In practice, the achieved photometric precision
will also depend on factors such as atmospheric background, amount of baseline
obtained, diurnal constraints, and the number of available comparison stars of
comparable magnitude, but the first-order considerations in Figure 2.3 suggest that
ground-based, diffuser-assisted infrared photometry can indeed outperform some
current space-based facilities for typical Kepler transiting planet systems.

Kepler-29
Kepler-29b is sub-Neptune near the 5:4 and 9:7 mean-motion resonances with
the sub-Neptune Kepler-29c. Both low-density planets were originally confirmed
by Fabrycky, Ford, et al. (2012) using TTVs; subsequent dynamical analyses have
shown that the pair may actually be in the second-order 9:7 resonance (Migaszewski,
Goździewski, and Panichi, 2017), but the TTV curve is likely also affected by prox-
imity to the first-order 5:4 resonance (Jontof-Hutter, Ford, et al., 2016). We detect
a transit of Kepler-29b at 3.5𝜎 confidence in the WIRC data. The final detrended
Kepler and WIRC light curves, models, residuals, and RMS binning plots for Kepler-
29b are shown in Figure 2.7 and the corresponding posterior probability distributions
are shown in Figure 2.11. Although the transit shape is poorly constrained by the
WIRC data alone, both ingress and egress are visible by eye in the WIRC light
curve and the relative timing of these two events provides a solid estimate of the
transit time when we constrain the transit shape using the Kepler photometry. We
find that the resulting posterior distribution for our new WIRC transit time is fairly
asymmetric, with the final timing offset determined to −14+17

−3 min.

Our new observation was obtained in an epoch where the Kepler-only dynamical
fits yield substantially divergent transit times, and as a result our new transit time
provides an improved constraint on the planet masses and eccentricities as shown in
Figure 2.15. We find that the dynamical mass estimate for Kepler-29c has improved
by almost a factor of three in our updated fits. Our new results favor dynamical
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Figure 2.3: Transit depth as a function of host star magnitude for non-TTV (grey
points) and TTV (black points) systems, taken from the NASA Exoplanet Archive.
Also noted are approximate 3𝜎 detection thresholds with Spitzer (red curve), which
is scaled with magnitude from the photometric scatter obtained by Björn Benneke
et al. (2017) with a slight nonlinear correction at higher magnitudes fit to the
brown dwarf survey results of Metchev et al. (2015), and the 3𝜎 detection threshold
with WIRC assuming the optimal co-addition strategy (blue curve). The systems
investigated in this work are marked with labeled blue stars, while a few sample
TTV systems investigated by Spitzer (K2-3, K2-24, TRAPPIST-1) are given marked
with labeled red squares (Beichman et al., 2016; Delrez et al., 2018; Petigura, Björn
Benneke, et al., 2018). The WIRC detection threshold levels off for brighter stars
due to decreasing observing efficiency, and the slight discontinuities in the curve
are artifacts of discrete changes in the number of co-additions.

masses on the low side of (but not incompatible with) the mass distributions inferred
by Jontof-Hutter, Ford, et al. (2016) for Kepler-29b and c.

Despite these decreased masses our updated densities for these planets (1.7±0.5
and 1.9±0.5 g/cm3, respectively) are larger than the densities reported by Jontof-
Hutter, Ford, et al. (2016). This is because we utilize updated stellar parameters of
𝑀 = 0.761+0.024

−0.028 𝑀⊙ and 𝑅 = 0.732+0.033
−0.031 𝑅⊙ from Fulton and Petigura (2018), which

are smaller than the values of 𝑀 = 0.979 ± 0.052 𝑀⊙ and 𝑅 = 0.932 ± 0.060 𝑀⊙

adopted by Jontof-Hutter, Ford, et al. (2016). For a fixed planet-star radius ratio,
a smaller stellar radius implies a correspondingly smaller planet radius. Similarly,
a smaller stellar mass implies a larger planet mass for the same best-fit dynamical
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mass ratio. Both changes therefore act to increase the measured planetary density.
Even with these increased density estimates, it is likely that both of these planets
have retained a modest hydrogen-rich atmosphere (see §2.5). The masses and radii
of both planets also remain quite similar, in good agreement with the “peas in a
pod” trend wherein multi-planet Kepler systems tend to host planets that are similar
in both size and bulk density (Millholland, S. Wang, and Laughlin, 2017; Weiss,
Marcy, et al., 2018).

Kepler-36
The Kepler-36 system includes two planets with strikingly dissimilar densities:
Kepler-36b is a rocky super-Earth close to 7:6 mean-motion resonance with the
low-density sub-Neptune Kepler-36c (Carter, Agol, et al., 2012). The latter planet
was included in our sample, and we detect it with a significance of 5.3𝜎. We
present the final light curves and associated statistics for our new transit observation
of Kepler-36c in Figure 2.8, and plot the corresponding posteriors in Figure 2.12.
The posterior distribution on the WIRC transit time is again fairly asymmetric, with
the offset constrained to -18+12

−5 minutes. We obtain masses and densities for both
planets consistent with previous investigations (though on the low side for Kepler-
36b; Carter, Agol, et al., 2012; Hadden and Lithwick, 2017). In Figure 2.16, we
provide updated dynamical masses, eccentricity vectors, and transit timing for this
system. Future constraints from TESS should allow for improved mass estimates in
this system, especially for Kepler-36c (Goldberg et al., 2019).

The RMS scatter achieved for this measurement was 2× the photon noise limit (see
bottom right panel of Figure 2.8), which is higher than any of the other observations
presented in this work. This is due in part to scintillation noise (Gudmundur
Stefansson, Mahadevan, et al., 2017), as Kepler-36 was our brightest target and
we used correspondingly short integration times. For this star, the scintillation
noise at an airmass of 1.5 is ∼ 650 ppm, which is comparable to the shot noise.
Our use of short integration times also limited our observing efficiency, resulting
in higher photometric scatter than might otherwise have been expected for this
relatively bright star. Both problems could be mitigated by increasing the number of
co-adds, resulting in a longer effective integration time and higher overall observing
efficiency.
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KOI-1783
As we will discuss in §2.5, there is already compelling evidence in the literature
establishing the planetary nature of this system, which contains two long-period (134
and 284 days, respectively) gas giant planet candidates located near a 2:1 period
commensurability. We present the final light curves and associated statistics for our
new transit observation of KOI-1783.01 in Figure 2.9, and plot the corresponding
posteriors in Figure 2.13. This planet is detected with a significance of 5.9𝜎 in the
WIRC data, and we achieve a timing precision of about 10 minutes. These results
are in good agreement with a model of the KOI-1783 system that assumes the
source of TTVs to be near-resonant planet-planet perturbations. In Figure 2.17, we
present updated constraints on dynamical masses, eccentricities, and transit timing
for KOI-1783. Our new transit observation reduces the uncertainty on the dynamical
mass of KOI-1783.01 by approximately a factor of two. When combined with the
stellar parameters from Fulton and Petigura (2018), these new constraints provide
the most detailed picture of this system to date. We find that KOI-1783.01 is slightly
smaller than Saturn, with 𝑅p = 8.9+0.3

−0.2𝑅⊕ and 𝑀p = 71+11
−9 𝑀⊕. This corresponds

to a density of 𝜌 = 0.56+0.10
−0.09 g/cm3, consistent with the presence of a substantial

gaseous envelope; we discuss the corresponding implications for this planet’s bulk
composition in more detail in §2.5. KOI 1783.02 has a mass of 𝑀p = 15+4

−4𝑀⊕, a
radius of 𝑅p = 5.4+0.5

−0.3𝑅⊕, and a density of 𝜌 = 0.5+0.2
−0.2g/cm3, again indicative of a

substantial gaseous envelope. Both planets appear to have low orbital eccentricities
(𝑒 ≲ 0.05), in agreement with the overall Kepler TTV sample (Fabrycky, Lissauer,
et al., 2014; Hadden and Lithwick, 2014; J.-W. Xie et al., 2016). Additionally, we
note that the uncertainty on 𝑒 cos(𝜔) for KOI-1783.01 is an order of magnitude
lower than for the other planets in this study, corresponding to a ±1𝜎 uncertainty of
approximately 13 hours in the secondary eclipse phase. Although this is quite good
for a planet on a 134 day orbit, the star’s faintness and the planet’s low equilibrium
temperature make this a challenging target for secondary eclipse observations.

Kepler-177
The Kepler-177 system contains a low-density sub-Neptune (Kepler-177b) and a
very-low-density sub-Neptune (Kepler-177c) located near the 4:3 mean motion
resonance. This system was initially confirmed via TTVs by J.-W. Xie (2014)
and subsequently re-analyzed by Jontof-Hutter, Ford, et al. (2016) and Hadden and
Lithwick (2017). Our final light curves and associated statistics for Kepler-177c
are given in Figure 2.10, and the posteriors are given in Figure 2.14. We detect
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the transit at 5.5𝜎 significance and measure the corresponding transit time with a
1𝜎 uncertainty of approximately 10 minutes. Although our new dynamical fits for
this system result in modestly lower mass uncertainties, our transit observation was
taken close to one TTV super-period away from the Kepler data, where diverging
solutions re-converge and thus our new observations provided limited leverage to
constrain these dynamical models. If the TESS mission is extended it should provide
additional transit observations that would further reduce the mass uncertainties in
this system (Goldberg et al., 2019), but our observations demonstrate that this system
is also accessible to ground-based follow-up at a more favorable epoch.

2.5 Discussion
Confirmation of the KOI-1783 System
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Figure 2.4: (Left) Masses and radii of the sub-Neptune planets studied in this work
(blue stars) compared to all 𝑀 < 20𝑀⊕ planets from the NASA Exoplanet Archive
(gray points). The blue, brown, and grey curves show the mass-radius relation for
planets made of pure water ice, olivine, and iron (J. J. Fortney, Marley, and Barnes,
2007). (Right) Planetary radius relative to that of a pure-rock planet of the same
mass is plotted as a function of incident flux for our systems (blue stars) and all
𝑀 < 17𝑀⊕ planets on the NASA Exoplanet Archive (gray points). Also noted are
the Solar System planets with the colored numbers (Mercury is 1, Venus is 2, Earth
is 3, and Mars is 4).

As the only unverified planet candidate in our sample, KOI 1783.01 represents a
special case for this program. A transiting planet candidate around KOI-1783 (KIC
10005758) was first reported by Batalha et al. (2013), and a second candidate in the
system was identified by the Planet Hunters citizen science collaboration (Lintott
et al., 2013). While the a priori probability of both transit signals being false
positives is quite low (Lissauer, Ragozzine, et al., 2011; Lissauer, Marcy, Rowe, et
al., 2012; Lintott et al., 2013; Lissauer, Marcy, Bryson, et al., 2014; Rowe, Bryson,



34

et al., 2014), a few characteristics of this system precluded a quick confirmation.
First, the transit signals for both candidates are near-grazing (the grazing parameter
𝑋 = 𝑏 + 𝑅p/𝑅★ is 0.9949+0.0032

−0.0027 for KOI-1783.01 from our posteriors, and
0.932+0.065

−0.015 for KOI-1783.02 from the Thompson et al. (2018) catalog), with “V”-
shaped morphologies that Batalha et al. (2013) noted as being potentially diagnostic
of an eclipsing binary. Additionally, the Kepler Data Validation reports show a
fairly large offset (∼ 0′′.25) of the stellar centroid during the transit relative to the
KIC position, which is also typical of stellar blends.

The two transit candidates in this system have a period ratio of 2.11, near the
2:1 commensurability. Such an architecture can generate detectable TTVs, which
previous studies have used to confirm the planetary nature of transit candidates
(J. H. Steffen et al., 2013; Nesvorný, D. Kipping, et al., 2013). Early analyses of the
transit times of KOI-1783.01 (Ford et al., 2012; Tsevi Mazeh et al., 2013) noted the
potential presence of TTVs, but concluded that the significance of the deviation from
a linear ephemeris was too low to be conclusive. As Kepler continued to observe
this target, evidence for TTVs of both planet candidates in this system grew stronger
(Rowe, Bryson, et al., 2014; Tomer Holczer et al., 2016). An independent analysis
of this system by the Hunt for Exomoons with Kepler Project found evidence for
dynamical interactions (D. M. Kipping et al., 2015), selecting a TTV model over a
linear ephemeris model by 17.2𝜎 for KOI-1783.02. The spectral TTV analysis of
Aviv Ofir, J.-W. Xie, et al. (2018) also found evidence of dynamical interactions,
yielding Δ𝜒2 values for the TTV signals over a linear model of 49 and 264 for
KOI-1783.01 and .02, respectively (the authors note that Δ𝜒2 ≳ 20 is a reliable
detection threshold).

For non-dynamically interacting systems, it is common to use statistical arguments to
establish that the planetary hypothesis is the most likely explanation for a given transit
signal using codes such as the publicly-available false-positive probability (FPP)
calculator vespa (Morton, 2012; Morton, 2015). The vespa package has been
used to statistically validate more than a thousand exoplanet candidates from Kepler
and K2 thus far (Crossfield et al., 2016; Morton et al., 2016; Livingston, Endl, et al.,
2018; Livingston, Crossfield, et al., 2018; Mayo et al., 2018), although refutation of
some previously validated planets suggests that caution is necessary when validating
with limited follow-up data (Santerne et al., 2016; Cabrera et al., 2017; Shporer et
al., 2017). Morton et al. (2016) obtained FPPs for all KOIs, including KOI-1783.01
(FPP = 0.680 ± 0.014) and KOI-1783.02 (FPP = 0.200 ± 0.012). However, TTVs
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were not considered in the construction of the light curves for these planets, which
can inflate the FPP by making the transits look more “V”-shaped. Additionally,
Morton et al. (2016) found four confirmed planets with anomalously high FPPs:
three exhibited TTVs, and the other had grazing transits. Our analysis suggests that
KOI-1783 system is a near-grazing TTV system, making it very likely to have an
overestimated FPP.

In a six-year campaign, Santerne et al. (2016) performed RV observations of a
sample of 125 KOI stars, including KOI-1783. They observed KOI-1783 two times
with SOPHIE and detected no RV variation. Additionally, they establish 99%
upper limits on the RV semi-amplitude (𝐾 < 81.3 m/s) and corresponding mass
(𝑀 < 2.83 𝑀J). While these upper limits were derived by fitting a circular orbit
with no TTVs, the lack of detected RV variations rule out the eclipsing binary false
positive mode to very high confidence.

In addition to high-resolution spectroscopic follow-up, three ground-based adaptive
optics (AO) follow-up observations of KOI-1783 have been performed to date, as
listed by Furlan et al. (2017) and the Exoplanet Follow-up Observing Program.
The Robo-AO team observed this star in their LP600 filter with the Palomar 60"
telescope, achieving a contrast of Δ𝑀 = 4.00 mag at 0′′.30 (Law et al., 2014).
Additionally, J. Wang et al. (2015) observed KOI-1783 in 𝐾𝑠 band with PHARO on
the Hale 200" telescope at Palomar Observatory, achieving a contrast of Δ𝑀 = 4.33
mag at 0′′.50. More stringent contrast constraints of Δ𝑀 = 7.96 mag at 0′′.50 were
obtained with NIRC2 on the Keck II Telescope using the Br𝛾 filter (Furlan et al.,
2017). These observations demonstrate that there are no nearby stars that might
explain the 0′′.25 offset noted in the Data Validation Report.

Published RV data rule out the existence of an eclipsing binary, and AO imaging
data rule out the existence of companions. Combined with the aforementioned
multiple independent analyses all supporting dynamical interactions between the
bodies in the system, these follow-up constraints lead us to conclude that the two
transit candidates in the KOI-1783 system should be confirmed as bona fide planets.

Population-Level Trends
TTVs Probe Warm Sub-Neptune-Sized Planets

There are currently very few sub-Neptune-sized transiting planets with well-measured
masses at large orbital distances (𝑃 > 100 days); these systems are quite rare to
begin with, and most are too small and faint to be amenable to RV follow-up (Jontof-
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Hutter, 2019). TTV studies that probe this regime are thus quite valuable, as planets
that receive low incident fluxes are much more likely to retain their primordial at-
mospheres than their more highly-irradiated counterparts (e.g. Owen and Wu, 2013;
T. Mazeh, T. Holczer, and Faigler, 2016). Even if mass loss is common for these
longer-period planets, the mechanism by which it occurs may be quite different.
For highly irradiated exoplanets, atmospheric mass loss is primarily driven by ther-
mal escape processes as the intense XUV flux heats the upper atmospheres (e.g.
Owen, 2019). However for planets on more distant orbits, non-thermal processes
are competitive with or dominant over photoevaporative escape; this is, for instance,
the present case for terrestrial planets like Mars (F. Tian et al., 2013; Feng Tian,
2015). Density constraints for this population of long-period extrasolar planets at
low (≲ 100𝐹⊕) incident fluxes are therefore critical for building a holistic under-
standing of atmospheric mass loss in the regime relevant for potentially habitable
terrestrial planets.

In Figure 2.4, we plot the masses and radii of our sub-Neptune-sized sample (𝑀 <

17𝑀⊕) along with those from the NASA Exoplanet Archive and compare their radii
to their incident fluxes. Other than the rocky super-Earth Kepler-36b (Carter, Agol,
et al., 2012), all of the planets in our sample are more inflated than they would be
if they were purely composed of silicate rock (J. J. Fortney, Marley, and Barnes,
2007), implying that they possess at least modest volatile-rich envelopes. Even after
allowing for water-rich compositions, our bulk density estimates for the planets in
Table 2.6 are still too low, and likely require a modest hydrogen-rich atmosphere.
For Kepler-29b, Kepler-29c, Kepler-36c, and Kepler-177b, the grids of Lopez and
Jonathan J. Fortney (2014) suggest hydrogen-helium envelope fractions of 2-5% in
mass. For the more massive sub-Neptunes KOI-1783.02 and Kepler-177c, these
grids suggest hydrogen-helium envelope fractions greater than 10% in mass. In the
following section, we explore the bulk composition of KOI-1783.01, KOI-1783.02,
and Kepler-177c in more detail.

Bulk Metallicities of the Giant Planets KOI-1783.01, KOI-1783.02, and
Kepler-177c

TTVs can also deliver masses and radii for giant planets in the low-insolation regime.
This is crucial for estimates of bulk metallicity, as gas giants hotter than approxi-
mately 1000 K appear to have inflated radii that are inconsistent with predictions
from standard interior models (e.g., Laughlin, Crismani, and Adams, 2011; D. P.
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Thorngren, Jonathan J. Fortney, et al., 2016; D. P. Thorngren and Jonathan J. Fort-
ney, 2018). Relatively cool, dynamically interacting planets such as KOI-1783.01
are not expected to be affected by this inflation mechanism and are therefore ideal
candidates for these studies.

We measure the mass of the gas giant KOI-1783.01 to ∼ 15% precision and its
radius to ∼ 3%, as this star has relatively accurate stellar parameters from Fulton and
Petigura (2018). When combined with our incident flux constraints and stellar age
estimates from Fulton and Petigura (2018), these parameters yield a bulk metallicity
of 𝑍p = 0.30 ± 0.03 for KOI-1783.01 using the statistical model of D. Thorngren
and Jonathan J. Fortney (2019). Using the stellar metallicity from Table 2.2 and
the 𝑍star = 0.014× 10[Fe/H] prescription from D. P. Thorngren, Jonathan J. Fortney,
et al. (2016), this corresponds to 𝑍p/𝑍star = 16.6+2.4

−2.2. We note that when masses and
radii are constrained to this level of precision we should also consider the additional
uncertainties introduced by the choice of models, which are not accounted for in
these error bars (D. P. Thorngren, Jonathan J. Fortney, et al., 2016; D. Thorngren
and Jonathan J. Fortney, 2019). This bulk metallicity value is nevertheless in
excellent agreement with the mass-metallicity relation previously inferred for gas
giant planets at higher incident fluxes (D. P. Thorngren, Jonathan J. Fortney, et al.,
2016; D. Thorngren and Jonathan J. Fortney, 2019), as shown in Figure 2.5.

This bulk metallicity also yields an upper limit on the atmospheric metallicity, as
the metallicity observable in a planetary atmosphere will always be less than the
total metal content of the planet (D. Thorngren and Jonathan J. Fortney, 2019). For
KOI-1783.01, this (95th percentile) upper limit is 𝑍atm ≤ 79× solar, where “solar”
refers to the Asplund et al. (2009) photospheric metal fraction of 1.04 × 10−3. This
calculation assumes an average mean molecular mass of 18 (that of water) for this
heavy element component; if this is not the case, then the true upper limit on the
atmospheric metallicity should be scaled by 18/𝜇𝑍 (D. Thorngren and Jonathan J.
Fortney, 2019).

We calculate comparable bulk composition estimates for the two sub-Neptunes in
our sample, KOI-1783.02 and Kepler-177c. In this mass regime, differences in
equation of state between rock and water ice become important, adding another
degree of freedom to the calculation. We construct models composed of a rock
layer, a water layer, and low-density H/He layer enriched to Neptune’s metallicity
(90× solar) by borrowing water from the water layer. We do not include mass loss
in our simulation, and we assume negligible amounts of iron in the calculation. We



38

10-1 100 101

Mp (MJ)

0.0

0.2

0.4

0.6

0.8

1.0

Bu
lk

 M
eta

lli
cit

y

Figure 2.5: Bulk metallicity of KOI-1783.01 (blue star) compared to the metallicities
of the D. Thorngren and Jonathan J. Fortney (2019) sample (grey points). The best-
fit mass-metallicity relation obtained by D. P. Thorngren, Jonathan J. Fortney, et al.
(2016) is shown in black, with ±1𝜎 uncertainties denoted by the grey shaded region.
The red “J” and “S” correspond to Jupiter and Saturn.

use constraints on the mass, radius, host star age, and incident flux to retrieve the
composition, including the relative amounts of rock, water, and H/He. Although
we are not able to place strong constraints on the relative amounts of rock versus
water as the radius is still fairly insensitive to the core composition details (Lopez
and Jonathan J. Fortney, 2014; Petigura, Sinukoff, et al., 2017), we are able to place
a strong constraint on the total bulk metallicity 𝑍p and the corresponding the H/He
fraction 𝑓H/He = 1 − 𝑍p.

As hinted at by their low bulk densities, these two planets have large H/He mass
fractions: 𝑓H/He = 0.31±0.08 for KOI-1783.02 and 𝑓H/He = 0.74±0.04 for Kepler-
177c. The value for Kepler-177c is somewhat problematic from a planet formation
perspective, as it implies a maximum core mass of just 4 𝑀⊕. Depending on the
planet’s formation location, it may be difficult to explain how such a small core
could have accreted such a massive gas envelope. One explanation is that the core
formed outside 1 au and experienced relatively dust-free accretion, as is typically
invoked for super-puffs (Lee and Chiang, 2016). We note, however, that super-puffs
are a few times less massive than Kepler-177c despite having similar inferred core
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masses, implying that the gas-to-core mass ratio of Kepler-177c exceeds that of a
typical super-puff. Although it is possible that our estimate of this maximum core
mass might have been biased by assumptions made in our models, accounting for
atmospheric mass loss would have preferentially removed hydrogen and helium, and
including iron in the model would have increased the 𝑓H/He. We conclude that these
assumptions are unlikely to explain the large inferred H/He mass fraction for this
planet. The MIST isochrone-derived age estimate for this planet from Fulton and
Petigura (2018) appears to be quite secure, with log(age) = 10.07 ± 0.04, so it is
unlikely that this planet’s radius is inflated by residual heat from formation.

Can Kepler-177c be inflated by internal heating mechanisms such as Ohmic dis-
sipation (Pu and Valencia, 2017) or obliquity tides (Millholland, 2019)? Its large
total mass and low insolation makes this scenario unlikely. We assess the scenario
of Kepler-177c having a core mass of 14.5𝑀⊕ and an envelope mass of 0.2𝑀⊕

(envelope mass fraction of 1%). Its estimated equilibrium temperature is ∼800K,
too low for Ohmic dissipation to puff up Kepler-177c to ≳8𝑅⊕ (see Figures 8 and 9
of Pu and Valencia, 2017). Next, we assess heating by obliquity tides. Even if we
assume maximal obliquity, the expected thickness of the envelope is ∼0.48𝑅⊕ (see
equation 13 of Millholland, 2019). If the composition of Kepler-177c core is similar
to that of Earth, we expect its core size to be ∼1.95𝑅⊕ (assuming 𝑅 ∝ 𝑀1/4), so that
the expected total radii of the planet is only ∼2.43𝑅⊕, far too small to explain the
measured 8.73𝑅⊕. Even at gas-to-core mass ratio of 10%, the expected total radii is
just 3.74𝑅⊕.

A Possible Formation Scenario for Kepler-177
We conclude that Kepler-177c rightfully belongs in the small sample of ∼ 15𝑀⊕

planets with extremely low bulk densities (and thus extremely large envelope frac-
tions). This sample also includes Kepler-18d (Cochran et al., 2011; Petigura,
Sinukoff, et al., 2017) and K2-24c (Petigura, Björn Benneke, et al., 2018). Pe-
tigura, Björn Benneke, et al. (2018) suggest a formation scenario for the latter planet
wherein the disk dissipates just as the planet begins to enter runaway accretion. Lee
(2019) show that the sub-Saturn population can indeed be explained by the timing
of disk dispersal, but they note as a prerequisite that their cores must be massive
enough to trigger runaway accretion during the disk lifetime, ≳ 10𝑀⊕. For cores less
massive than this, the maximum gas-to-core mass ratio (GCR) is set by the amount
of gas that can be accreted by cooling. In Figure 2.6, we reproduce the Lee (2019)
GCR plot as a function of core mass and accretion time, which highlights the differ-
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ent regimes dictating the maximum envelope fraction for a given core mass. While
KOI-1783.01 and KOI-1783.02 can largely be explained within the framework of
disk dispersal timing relative to the onset of runaway accretion, Kepler-177c cannot,
nor can K2-24c or Kepler-18d. These low-density 15𝑀⊕ planets are outliers, lying
above their theoretical maximum GCRs, as are the super-puffs Kepler-51b (Masuda,
2014), Kepler-223e (Mills, Fabrycky, et al., 2016), Kepler-87c (Aviv Ofir, Dreizler,
et al., 2014), and Kepler-79d (Jontof-Hutter, Lissauer, et al., 2014).

0  6.2 12.1

Figure 2.6: The Lee (2019) gas-to-core mass ratio (GCR) plot as a function of
core mass 𝑀core and accretion time (color-coded) for their best-fit model ensemble
of core masses (log-normal with 𝜇 = 4.3𝑀⊕ and 𝜎 = 1.3). Overplotted on this
theoretically-derived distribution are observational GCR constraints on real planets,
denoted by gray circles (Lopez and Jonathan J. Fortney, 2014), gray triangles
(Petigura, Sinukoff, et al., 2017), gray diamonds (Dressing et al., 2018), gray squares
(Petigura, Björn Benneke, et al., 2018), and blue stars (this work). Previously
identified super-puffs (Kepler-51b, Kepler-223e, Kepler-87c, and Kepler-79d) are
marked in red. Note that Kepler-177c has a larger GCR than these super-puffs
despite having a similar core mass.

As a result, Lee (2019) suggests that these more massive low-density planets may
share a formation pathway with the less-massive super-puffs. Super-puffs likely
accreted their envelopes farther from their star and then migrated inwards (Ikoma
and Hori, 2012; Lee, Chiang, and Ormel, 2014; Ginzburg, Schlichting, and Sari,
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2016; Lee and Chiang, 2016; Schlichting, 2018), and additionally should have
experienced “dust-free” accretion, meaning that dust did not contribute much to the
overall opacity due to e.g. grain growth or sedimentation (Lee and Chiang, 2015;
Lee and Chiang, 2016). To test the feasibilty of this hypothesis, we can estimate the
amount of time that Kepler-177c must have spent undergoing dust-free accretion
and compare to typical disk lifetimes. If this timescale is longer than the typical disk
dispersal timescale, then a mechanism other than dust-free accretion is necessary;
if it is comparable or shorter, then dust-free accretion may be feasible. For Kepler-
177c (𝑀core ≈ 3.8𝑀⊕,GCR ≈ 2.8), we can approximate the dust-free accretion
time necessary to achieve the observed GCR beyond 1 au in a gas-rich disk using
the analytic scaling relation of Lee and Chiang (2015, see their Equation 24):

𝑡 ∼ 1 kyr

[(GCR
0.1

) ( 5𝑀⊕
𝑀core

)]2.5

≈ 8.2 Myr, (2.12)

where for simplicity we have assumed their nominal values for the 𝑓 factor, the
nebular gas metallicity 𝑍 , the adiabatic gradient ∇ad, and the temperature and mean
molecular weight at the radiative-convective boundary 𝑇rcb = 200 K and 𝜇rcb. The
outer layers of dust-free envelopes are largely isothermal so the adopted temperature
corresponds to the nebular temperature at the formation location. The estimated
accretion timescale required to build Kepler-177c is comparable to typical disk
lifetimes (∼ 5 Myr; see, e.g. Alexander et al., 2014, and references therein). We
note that Equation 2.12 is derived assuming the self-gravity of the envelope is
negligible compared to the gravity of the core. The rate of accretion starts to
accelerate once GCR ≳ 0.5, so a more careful calculation would provide an even
shorter timescale. We suggest that 15𝑀⊕ planets with large GCRs may indeed share
a dust-free accretion history with their lower-mass super-puff counterparts. As such,
detailed characterization of Neptune-mass planets with low (𝜌 ≲ 0.3 g/cm3) bulk
densities may provide invaluable insights into super-puff formation processes.

2.6 Conclusions and Future Prospects
We presented infrared photometry for four dynamically interacting Kepler systems.
With precise telescope guiding and the use of an engineered diffuser, we achieved a
precision with WIRC that is comparable to or better than Spitzer for stars fainter than
𝐽 = 9.5. Most of the planets we observed have host stars that are too faint for stan-
dard Doppler-based follow-up, but their masses can be measured to a high relative
precision by fitting their transit timing variations. Our new transit measurements
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demonstrate that a single, well-timed follow-up observation taken years after the
Kepler mission’s conclusion can improve mass estimates by almost a factor of three.
Perhaps unsurprisingly, we found that observing in epochs of maximally divergent
transit times for differing dynamical solutions yields the largest improvements in
mass estimates. The potential information gain is also larger for long-period sys-
tems with relatively few transits observed during the original Kepler mission. The
systems we have studied highlight the diverse range of science cases made possible
by diffuser-assisted photometry, including the confirmation of long-period planet
candidates in TTV systems as well as bulk composition studies for relatively cool
planets ranging in size from sub-Neptunes to gas giants.

WIRC’s demonstrated infrared photometric precision opens up multiple new op-
portunities for ground-based studies of transiting planets and brown dwarfs. For
dynamically interacting systems bright enough for RV observations, diffuser-assisted
transit observations can provide an extended TTV baseline for joint RV-TTV model-
ing. These kinds of studies can constrain the structures of planetary systems without
reliance on stellar models (Almenara, Díaz, Mardling, et al., 2015; Almenara, Díaz,
Bonfils, et al., 2016; Agol and Fabrycky, 2018; Weiss, Deck, et al., 2017; Almenara,
Díaz, Hébrard, et al., 2018; Petigura, Björn Benneke, et al., 2018). For highly
irradiated gas giant planets, WIRC can be used to complement existing space-based
emission and transmission spectroscopy from Spitzer and the Hubble Space Tele-
scope by observing photometric transits and secondary eclipses at wavelengths that
are inaccessible to these telescopes. This extended wavelength coverage is important
for reducing degeneracies in atmospheric retrievals (e.g. Bjoern Benneke and Sea-
ger, 2012; Line, Zhang, et al., 2012; Line, Wolf, et al., 2013; Line, Knutson, et al.,
2014). WIRC can also measure low-amplitude rotational variability in brown dwarfs
at infrared wavelengths. Current ground-based infrared measurements can constrain
variability at the ∼ 0.7% level (P. A. Wilson, Rajan, and Patience, 2014; Radigan,
2014) in these objects; for the brighter (𝐽 = 14-15) variable brown dwarfs, WIRC
will be able to push these limiting amplitudes below 0.1%. We are only beginning
to explore the parameter space made available by diffuser-assisted photometry, but
the prospects for new ground-based studies of brown dwarfs and transiting planets
are promising.

2.7 Appendix A: Kepler and WIRC Light Curves
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Figure 2.7: Kepler (left) and WIRC (right) light curves and best-fit models (top),
residuals (middle), and RMS as a function of bin size (bottom) for Kepler-29b. In
the top and middle plots, the unbinned data are shown as gray filled circles, and the
light curves binned by a factor of 10 are shown as black filled circles. The red lines
in the top plots denote our best-fit light curve model. The transit is detected at 3.5𝜎
confidence in the WIRC data, and we constrain the transit timing offset to be -14+17

−3
minutes (from the predicted time in Table 2.1). For continuous data acquisition with
WIRC, a bin size of 24 points is equivalent to 10 minutes in the lower right plot.
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Figure 2.8: Same as Figure 2.7, but for Kepler-36c. The transit is detected at 5.3𝜎
confidence in the WIRC data, and we constrain the transit timing offset to be -18+12

−5
minutes (from the predicted time in Table 2.1). For continuous data acquisition with
WIRC, a bin size of 38 points is approximately equivalent to 10 minutes in the lower
right plot.
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Figure 2.9: Same as Figure 2.7, but for KOI-1783.01. The transit is detected at 5.9𝜎
confidence in the WIRC data, and we constrain the transit timing offset to be 16+10

−11
minutes (from the predicted time in Table 2.1). For continuous data acquisition with
WIRC, a bin size of 30 points is equivalent to 10 minutes in the lower right plot
(note however the breaks in data acquisition).
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Figure 2.10: Same as Figure 2.7, but for Kepler-177c. The transit is detected at
5.5𝜎 confidence in the WIRC data, and we constrain the transit timing offset to be
45+9

−7 minutes (from the predicted time in Table 2.1). For continuous data acquisition
with WIRC, a bin size of 8 points is equivalent to 10 minutes in the lower right plot
(note however the breaks in data acquisition in this observation).
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2.8 Appendix B: Posterior Probability Distributions
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Figure 2.11: The posterior probability distributions for our fit to Kepler-29b. For
ease of viewing, only the middle 99 percent of the samples are shown for each
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Figure 2.12: Same as Figure 2.11, but for Kepler-36c.
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Figure 2.13: Same as Figure 2.11, but for KOI-1783.01.
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Figure 2.14: Same as Figure 2.11, but for Kepler-177c.
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Figure 2.15: Updated dynamical modeling of the Kepler-29 system based on fits
to Kepler and WIRC transit times. (a) The measured transit timing variations
(i.e., deviations from a constant ephemeris using the period derived from our TTV
modeling) for Kepler-29b from the Kepler and WIRC transit observations (black
filled circles); we also overplot the 1𝜎 range in predicted TTVs for each epoch from
the updated dynamical model in green. We include an inset of the residuals from
the best fit TTV model to show how our new measurement compares to the Kepler
uncertainties. (b) The dynamical mass posteriors for both planets in the system. (c
and d) The posteriors on both components of the eccentricity vectors. Posteriors
from TTV modeling of the Kepler data are shown as dashed lines, and those from
joint modeling of the Kepler and WIRC data are shown as solid lines.
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Figure 2.16: Same as Figure 2.15, but for Kepler-36.
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Figure 2.17: Same as Figure 2.15, but for KOI-1783.
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Figure 2.18: Same as Figure 2.15, but for Kepler-177.
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C h a p t e r 3

CONSTRAINTS ON METASTABLE HELIUM IN THE
ATMOSPHERES OF WASP-69B AND WASP-52B WITH

ULTRA-NARROWBAND PHOTOMETRY

Vissapragada, Shreyas et al. (June 2020). “Constraints on Metastable Helium in the
Atmospheres of WASP-69b and WASP-52b with Ultranarrowband Photometry”.
In: AJ 159.6, 278, p. 278. doi: 10.3847/1538-3881/ab8e34. arXiv: 2004.
13728 [astro-ph.EP].

3.1 Introduction
Many of the currently known exoplanets are on short-period orbits and thus expe-
rience severe insolation. Such extreme environments can radically alter planetary
evolution, potentially driving atmospheric mass loss via thermal escape (e.g. Tian,
2015; Owen, 2019). Mass loss can in turn leave substantial imprints on observed
planetary statistics, such as the dearth of planets between 1.5 and 2 Earth radii
(the “radius gap" or “evaporation valley") and the so-called “Neptune desert” in
the radius-period plane (Lopez and Fortney, 2013; Owen and Wu, 2013; Owen
and Wu, 2017; Fulton, Petigura, et al., 2017; Van Eylen et al., 2018; Fulton and
Petigura, 2018; Cloutier and Menou, 2020; Hardegree-Ullman et al., 2020). Over
the past two decades, most measurements of mass loss rates for close-in planets
have been conducted at ultraviolet wavelengths, with Lyman-𝛼 detections for HD
209458b (Vidal-Madjar et al., 2003), HD 189733b (Lecavelier Des Etangs et al.,
2010; Lecavelier des Etangs et al., 2012), GJ 436b (Kulow et al., 2014; David
Ehrenreich et al., 2015; Lavie et al., 2017), and GJ 3470b (Bourrier, Lecavelier des
Etangs, et al., 2018); tentative/marginal signals for TRAPPIST-1b and c (Bourrier,
D. Ehrenreich, Wheatley, et al., 2017), Kepler-444e and f (Bourrier, D. Ehrenreich,
Allart, et al., 2017), and K2-18b (dos Santos et al., 2020); and non-detections for
55 Cnc e (D. Ehrenreich et al., 2012), HD 97658b (Bourrier, D. Ehrenreich, King,
et al., 2017), GJ 1132 b (Waalkes et al., 2019), and 𝜋 Men c (García Muñoz et al.,
2020). While in theory the large cross-section of this line should result in strong
absorption during exoplanet transits, in practice geocoronal emission and interstellar
absorption effectively mask out the line core for most stars, requiring these studies
to study the absorption in the line’s extended wings.
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The neutral helium triplet (with vacuum wavelengths near 1083.3 nm) offers a
way to circumvent the limitations of Lyman-𝛼 observations (Seager and Sasselov,
2000; Oklopčić and Hirata, 2018) by shifting to infrared wavelengths where both
the Earth’s atmosphere and the interstellar medium (e.g. Indriolo et al., 2009) are
effectively transmissive. Spake et al. (2018) were the first to successfully observe an
enhanced transit depth in He I for WASP-107b with Wide-Field Camera 3 (WFC3) on
the Hubble Space Telescope (HST). Soon after, ground-based observations with the
CARMENES high-resolution (𝑅 ∼ 80, 000) spectrograph on the 3.5 m telescope at
Calar Alto Observatory have confirmed the absorption signal and measured the He I
line shape for HAT-P-11b (Allart, Bourrier, Lovis, D. Ehrenreich, Spake, et al., 2018)
and WASP-107b (Allart, Bourrier, Lovis, D. Ehrenreich, Aceituno, et al., 2019), and
have additionally revealed excess helium absorption signals for HD 189733b (Salz,
Czesla, Schneider, Nagel, et al., 2018), HD 209458b (Alonso-Floriano et al., 2019),
and WASP-69b (Nortmann et al., 2018). HST WFC3 observations were also used
to identify He I absorption for HAT-P-11b (Mansfield et al., 2018), and recently
Keck II/NIRSPEC and the Habitable-zone Planet Finder have observed helium in
the atmospheres of WASP-107b (James Kirk et al., 2020) and GJ 3470b (Ninan
et al., 2020), respectively. We note also the reported non-detections of helium in
the atmospheres of KELT-9b, GJ 436b (both Nortmann et al., 2018), WASP-12b
(Kreidberg and Oklopčić, 2018), GJ 1214b (Crossfield et al., 2019), and K2-100b
(Gaidos et al., 2020). Due to its observational accessibility for ground- and space-
based facilities, the helium triplet has been firmly established as a window into the
upper atmospheres of exoplanets.

Here, we introduce ultra-narrowband helium photometry, a ground-based technique
complementary to high-resolution spectroscopy that is specifically crafted to mea-
sure the helium absorption depth using an ultra-narrow bandpass filter. In this work,
we benchmark our new technique on the Wide-field Infrared Camera (WIRC), at the
prime focus of the Hale 200” telescope at Palomar Observatory. We first measure
the He I light curve of WASP-69b, a 1000 K, Saturn-mass, and Jupiter-size planet
orbiting a K5 host star with 𝐽 = 8 (Anderson et al., 2014). We compare our results
to those of Nortmann et al. (2018), and show that our results agree well with theirs.
We then present the first He I light curve of the slightly warmer (1300 K), larger
(1.27 𝑅J), and heavier (0.46 𝑀J) planet WASP-52b, which orbits a K2 host star with
𝐽 = 10.5 (Hébrard et al., 2013). In Section 3.2, we detail the experimental design
of our ultra-narrowband helium photometer. We discuss our observations and data
reduction techniques in Section 3.3. We present our results in Section 3.4, and
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conclude with a look towards future applications of ultra-narrowband photometry
in Section 3.5.

3.2 Experimental Design
Our experiment is analogous to broad-band transit photometry performed previously
(Vissapragada et al., 2020) with the Wide-field InfraRed Camera (WIRC; Wilson
et al., 2003) on the Hale 200" telescope at Palomar Observatory. The sole difference
is that we use an ultra-narrowband filter (manufactured by Alluxa) that is centered on
the helium feature. We used a combination of identifiable telluric OH emission lines
as well as a helium lamp (naturally producing the feature in emission) to calibrate
out refractive effects and ensure our knowledge of the filter transmission profile is
accurate.

Filter Properties
Specifically, our filter has a center wavelength of 1083.3 nm in vacuum, at 77 K,
and at an angle of incidence (AOI) of 7◦; a full width at half maximum (FWHM) of
0.635 nm; and a maximum transmission of 95.6% (averaged across five positions
on the filter). To cover the full spectral range to which our 2.5 𝜇m cutoff Hawaii-
II detector is sensitive, the filter also has OD4 absolute out-of-band blocking (i.e.
a transmission less than 0.01% everywhere outside the passband) from 500 to
3000 nm. We additionally utilize an Engineered Diffuser (located in a separate filter
wheel from the helium filter) that molds the stellar point-spread functions (PSFs)
into a top-hat shape with a FWHM of 3′′. The diffuser increases observing efficiency
and limits systematics related to PSF variations. When combined with our guiding
software, which can keep pointing stable to within 2-3 pixels (equivalent to 0.′′5-
0.′′75) over an entire night, this setup allows for powerful control of time-correlated
systematics (Stefansson et al., 2017). With this setup in place, we have recently
demonstrated a precision of 0.16% per 10 minute bin for 𝐽 = 14 magnitude stars
(Vissapragada et al., 2020).

Consideration of refractive effects is critical for such a narrowband filter, especially
with a wide-field camera (e.g. Ghinassi et al., 2002; Tinyanont et al., 2019). Criti-
cally, the filter wheels in WIRC are fixed at a 7◦ tilt to minimize ghosting (Wilson
et al., 2003), and the filters cannot be angle-tuned. Because most rays forming the
image encounter the filter at non-normal incidence due to the filter tilt (as well as the
diversity of angles for each field point), they experience a different passband. As a
result, different positions on the detector correspond to different filter transmission
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Figure 3.1: Experiment calibration. (a) 2048 by 2048 image of the sky background
observed through WIRC and the helium filter. Telluric OH emission lines appear as
arcs, and each strong line from the 𝜈 = 5 − 2 band of ground-state OH is labeled.
The green star indicates the zero point of the filter at (𝑥0, 𝑦0) = (1037, 2120). (b)
The reconstructed spectrum of the sky from (a). Known positions of the telluric
OH features are labeled and marked with black dashed lines, and line positions
from the best-fit wavelength solution are marked with red dashed lines, which
are effectively superimposed on the black dashed lines with small offsets. (c)
Laboratory measurements of the helium lamp spectrum (light blue) and the helium
filter transmission profile (dashed blue). (d) 2048 by 2048 image of the helium lamp
observed through WIRC and the helium filter. The metastable helium triplet appears
as a single bright arc due to convolution with the filter transmission profile. The
green star again indicates the zero point of the filter. (e) The reconstructed spectrum
of the helium arc lamp from (d), shown with a solid black line, compared to the
laboratory spectrum of the helium arc lamp convolved with the filter transmission
profile (dashed light blue) and the known wavelength of the feature (dashed black).

profiles. While this effect is noticeable even for broadband filters (Ghinassi et al.,
2002; Tinyanont et al., 2019), the amplitude of the shift in wavelength space is
small compared to the width of the bandpass, and thus it is typically ignored without
consequence. For ultra-narrowband filters however, this shift can easily be larger
than the bandwidth of the filter itself (e.g. Baker, Blake, and Halverson, 2019).
The success of our experiment therefore depended largely on the success of our
wavelength calibration.



72

Wavelength Calibration with Telluric OH Lines
To begin calibrating refractive effects, we used known telluric emission lines in the
sky background to construct a model for the position-dependent wavelength shift.
We used a sky background frame (constructed with a four-point dither near WASP-
69) shown in Figure 3.1a. Rays that pass through the filter at the same angle of
incidence trace out semi-circular arcs across the detector, and telluric OH emission
lines thus appear as bright arcs on the detector. The offset center of the circles
towards the top of the image is due to the aforementioned 7◦ tilt of the filter wheel;
if the filter wheel was not tilted, the circles would be centered on the detector (see
e.g. Sing et al., 2011). Instead, the center of the circle to which the arcs belong is the
“zero point" of the filter; i.e., where rays encounter the filter at normal incidence.
The best-fitting circular arcs to the emission features give the detector position for
the zero point: (𝑥0, 𝑦0) = (1037, 2120), where the origin of the coordinate system is
the bottom left corner of the image. The angle of incidence on the filter at detector
position (𝑥, 𝑦) can be written as a function of the radial distance from the zero point
𝑟 =

√︁
(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2:

𝜃 (𝑟) = (pixel scale) (magnification)𝑟

= (0.′′25/px)
( 5.08 m
5.2364 × 10−2 m

)
𝑟

= (24.′′3/px)𝑟, (3.1)

where the magnification is calculated as the primary mirror diameter over the beam
diameter. By extracting the median count value in radial steps outward from the
zero point, we construct a spectrum of the sky. To convert the spectrum into more
useful wavelength units, we note that the OH emission lines in the image can be
individually identified as 𝑄 and 𝑅 branch lines from the 𝜈 = 5 − 2 band for ground
state (X2Π) OH (Bernath and Colin, 2009; Oliva et al., 2015). Using the known
wavelengths of these lines, we can fit to the equation for wavelength shift as a
function of angle of incidence 𝜃 (e.g. Ghinassi et al., 2002):

𝜆(𝜃) = 𝜆0

√︄
1 − sin2(𝜃)

𝑛2
eff

, (3.2)

where 𝜆0 is the central wavelength of the filter at normal incidence, and 𝑛eff is
the effective index of refraction for the filter. A non-linear least-squares fit to the
known wavelengths of the telluric lines gives 𝜆0 = 1084.80 nm and 𝑛eff = 1.948.
Combined with Equation (3.1), this fully specifies the wavelength solution for every
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pixel on the detector as a function of the distance 𝑟 from (𝑥0, 𝑦0) = (1037, 2120).
The spectrum of the sky background constructed with this transformation is given
in Figure 3.1b.

Helium Arc Lamp Calibration
We used a helium arc lamp, which is a natural source of the He I triplet in vacuum,
to confirm our wavelength solution and test our knowledge of the filter transmis-
sion profile. First, we measured the spectrum of the arc lamp and the transmission
spectrum of the helium filter (back-lit by white light) using an Optical Spectrum An-
alyzer (OSA, ThorLabs #OSA202C). The OSA uses Fourier transform spectroscopy
to deliver laboratory spectra at high resolving power (𝑅 ∼ 75, 000). We show the
laboratory spectra in Figure 3.1c, where the two-component structure of the helium
feature is clear (the two lines on the red side of the triplet are blended even at this
resolution).

We then installed the helium arc lamp at the Hale 200" and used it to uniformly
illuminate the region of the dome normally used for flat fields. When the helium
lamp is observed through WIRC, the resultant bright arc (Figure 3.1d) is where
the filter transmission profile maximally overlaps with the triplet helium feature, so
during science observations we place the target within the region delineated by this
arc. In practice, we take an arc lamp calibration frame before each observation, and
we move the target star to a spot with a count level within 5% of the peak counts
in the calibration frame. Since there is a semicircular locus on the detector that
satisfies this criterion, the exact location is selected during observations to optimize
the number of reference stars and avoid detector regions with many bad pixels or
defects. Using the same procedure as detailed in Section 3.2, we extract the spectrum
from the image in Figure 3.1d, and use the wavelength solution from Equation (3.2)
to convert from AOI to nm. The resulting spectrum (Figure 3.1e) peaks at 1083.3
nm, indicating that our empirical wavelength solution correctly predicts the location
of the helium triplet as measured by the lamp observation. Finally, as a test of the
filter transmission profile, we convolve the laboratory measurements of the helium
feature and the filter transmission profile, and overplot the result on the WIRC
spectrum in Figure 3.1e. The laboratory measurements (dot-dashed blue curve) and
observations (black curve) show very good agreement.
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3.3 Observations
Data Collection
We observed WASP-69b through our helium filter and beam-shaping diffuser on
August 16, 2019 (UT), and we observed WASP-52b with the same setup on Septem-
ber 17, 2019 (UT). Before beginning both science observations, we constructed a
sky background frame with a simple four-point dither. Images in the dither sequence
were first sigma-clipped to remove the sources, then median scaled to the first image
in the stack, and finally median stacked to produce the sky background frame. We
then collected science data, choosing exposure times to keep the maximum count
level for the sources and comparison stars (∼ 12, 000 ADU) well within the linearity
regime for our detector while maintaining a good observing efficiency. For WASP-
69b, we collected science data from UT 04:26:06 to 11:00:00 with an exposure
time of 60 seconds; our observations began at airmass 1.73, reached a minimum
airmass of 1.28, and then rose again until we stopped collecting data at airmass
2.49. For WASP-52b, we collected science data from UT 03:16:57 to 11:14:49 with
an exposure time of 90 seconds; our observations began at airmass 2.04, reached a
minimum airmass of 1.10, and then rose again until we stopped collecting data at
airmass 1.96.

Data Reduction
Image Calibration

We show an example science image for WASP-69b in Figure 3.2. All science data
were dark-subtracted and flat-fielded, and during this procedure bad pixels were
flagged and corrected using the process described by Tinyanont et al. (2019) and
Vissapragada et al. (2020). Unlike the case in Vissapragada et al. (2020), however,
the background is not uniform across the detector. Contamination from telluric
OH emission is clearly visible, but because these lines have a very unique spatial
structure their contribution can be identified and removed. Presently, we do not
correct for telluric water during image calibration. We note that the water line
at 1083.507 nm (vacuum wavelength in the observer rest frame) can potentially
affect the observations, though it is diluted by a minimum of ∼20% by the filter
transmission at the target position. This line does not encroach upon the helium
triplet unless the triplet is redshifted by 48.7 km/s < 𝑣 < 83.6 km/s relative to the
observer. This does not occur for WASP-69b and WASP-52b (and in fact we do not
observe targets at such velocity shifts because the helium signal would be spatially
shifted from the positions set by the calibration lamp) so our measurements are not
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Figure 3.2: Example of the data reduction process. (a) A calibrated science frame
from the WASP-69 observations before background correction. (b) The dithered
sky background frame, with telluric lines indicated (see also Figure 3.1). (c) The
background-corrected science frame, with target and comparison stars marked. (d)
A zoomed image of the target star in the background-corrected science frame (with
flux-weighted centroid given by the black cross, the optimized 10 pixel aperture by
the black circle, and the annulus used for residual background estimation by the
white dashed circles).

directly biased by telluric water. Variations in the water column, however, may
indirectly affect observations by manifesting as additional noise in our light curves.
Due to the narrow width of the water line (∼ 0.03 nm FWHM Allart, Bourrier, Lovis,
D. Ehrenreich, Spake, et al., 2018; Nortmann et al., 2018; Salz, Czesla, Schneider,
Nagel, et al., 2018; Allart, Bourrier, Lovis, D. Ehrenreich, Aceituno, et al., 2019;
Alonso-Floriano et al., 2019), relative to the filter (0.635 nm FWHM), variations
would need to be large (∼10%) on timescales comparable to our exposure times
(∼1 min) to manifest above the photometric noise as extra white noise. Smaller
variations over long timescales could manifest as a time-correlated trend in our
photometric data. If warranted by the data in the future, we could correct such
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time-correlated variations with a Gaussian process, but we see little evidence of this
effect in our final light curves.

To correct for telluric OH emission in each image, we median-scaled our sky back-
ground frame to the sigma-clipped science data in 10 pixel steps radially outwards
from the filter zero point (where, as in Equation 3.1 above, the pixel scale is 0.′′25).
This procedure removed a majority of the telluric background as shown in Figure 3.2,
but in some images left a small amount of residual local structure with maximum
amplitude of 10 ADU/pixel, perhaps due to spatial variation of OH emission on
the sky. Because even these residuals were locally quite stable, we estimated and
removed the remaining background during aperture photometry using an annular
region around each source as described below. This local background varies quite
slowly in time and we find that this procedure reliably eliminates time-correlated
noise from sky background and tellurics.

Aperture Photometry

We detected and registered the positions of the target and comparison stars using
Aladin Lite (Bonnarel et al., 2000; Boch and Fernique, 2014) as described in
Vissapragada et al. (2020). For both WASP-69 and WASP-52, we registered four
comparison stars in addition to the target; for WASP-69, the target and comparison
stars are visible in the background-corrected image in Figure 3.2. We performed
aperture photometry on each source in each image with the photutils package
(Bradley et al., 2016) where we stepped through a range of circular apertures (from
7 to 15 pixels in radius in one pixel steps). The positions of the aperture centers
were allowed to shift to trace telescope pointing drift. For WASP-69 and associated
comparison stars, these varied by less than 2 pixels over most of the night, but a
guiding error compromised the last hour of data collection. Excluding this last hour
did not change our final answers but substantially decreased the correlated noise,
so we choose to exclude these images from the final photometry. For WASP-52
we encountered a guiding jump of about 6 pixels an hour from the start of the
observation, and again an hour from the end of the observation. These jumps were
purely in the RA direction and are thus likely related to a known issue with the RA
guiding on the telescope. Including the data marred by guiding errors substantially
increased the correlated noise in the final light curve, so we opted to leave them out
for our analysis of WASP-52b.

We estimated the residual local background by measuring the sigma-clipped median
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for an annulus around each source with an inner radius of 25 pixels and an outer
radius of 50 pixels. We then trimmed outliers in the raw light curves using the
moving median procedure from Vissapragada et al. (2020). We determined the
optimal photometric aperture size by minimizing the RMS of the residuals after the
light-curve modeling described in the next section. Our optimal apertures were 10
and 8 pixels in radius for WASP-69 and WASP-52, respectively. A zoomed-in view
of WASP-69 with flux-weighted centroid, best-aperture, and background annulus
overplotted is shown in Figure 3.2. It is clear from this figure that a 10 pixel aperture
misses some flux from the target star. However, when the aperture size increases
to encompass all of the flux from the target star, the comparison star light curves
decrease in quality due to increased noise from the sky background. We tested the
impact of using different aperture sizes for each source and found that this sharply
degraded the quality of the final light curve, likely because PSF changes due to
seeing variations impact each aperture differently. We therefore chose to continue
with the selected optimal apertures in our final light-curve modeling. Raw light
curves in the optimized apertures are given in Figure 3.3 for both planets.
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Figure 3.3: Raw light curves for stars in the WASP-69 field (a) and WASP-52 field
(b). In both plots, the target light curve is shown in blue, comparison light curves
are shown in black, and all light curves have been normalized to the target light
curve maximum.

Light-Curve Modeling
We modeled the light curves with a procedure similar to that used in Vissapragada
et al. (2020), which we briefly summarize here for completeness. Each target light
curve is modeled as a transit light-curve model (which is computed with batman;
Kreidberg, 2015) multiplied by a systematics model. The systematics are further
modeled as a linear trend in time plus a linear combination of the comparison star
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light curves, with new best-fitting linear coefficients chosen every time the transit
light curve is modified. As in Vissapragada et al. (2020), our six fit parameters
were the transit depth (𝑅p/𝑅★)2, a timing offset from the predicted mid-transit time
Δ𝑡0, a linear trend in time 𝛼, the inclination 𝑖, the scaled semi-major axis 𝑎/𝑅★, and
a parameter describing the photometric scatter in excess of shot noise log(𝜎extra).
The excess scatter that we calculate is added in quadrature to the photometric error
bars on each data point to give the final errors. We calculated custom quadratic
limb darkening coefficients 𝑢1 and 𝑢2 in our bandpass using ldtk (Husser et al.,
2013; Parviainen and Aigrain, 2015) and the stellar parameters from Anderson et al.
(2014) and Hébrard et al. (2013) for WASP-69 and WASP-52, respectively. These
coefficients are reported in Table 3.1. We additionally explored the possibility
of fitting the quadratic limb darkening coefficients using the triangular sampling
algorithm from Kipping (2013), but found that this did not make a substantive
difference in our final results, so we chose to leave these coefficients fixed.

We first fit the data using the Powell minimizer from scipy (Virtanen et al., 2020),
and we use this initial solution as a starting point for a Markov Chain Monte Carlo
investigation with emcee (Foreman-Mackey et al., 2013). We run 50 chains for
103 steps to burn in, and then 104 steps (which corresponds to at least 150 inte-
grated autocorrelation times for each parameter) for the actual run. The posteriors
from these light-curve fits are summarized in Table 3.1, and they are visualized in
Appendix 3.6.

3.4 Results and Discussion
WASP-69b
Our helium light curve for WASP-69b, along with best-fit model, residuals, and
Allan deviation plot for the residuals are shown in Figure 3.4a, and a corner plot
summarizing the fit posteriors is shown in Figure 3.7. We measure a transit depth
of 2.152±0.045%. As a reference value, we use the HST WFC3 spectrum obtained
by Tsiaras et al. (2018), who report an average transit depth of 1.6538 ± 0.0045%
between 1110.8 nm and 1141.6 nm. Our transit depth exceeds the reference value by
11.1𝜎, indicating a secure detection of helium in the atmosphere of WASP-69b. We
prefer a transit timing solution slightly earlier than, but not incompatible with, the
ephemeris from Baştürk et al. (2019). Our constraints on 𝑖 and 𝑎/𝑅★ are compatible
with those from Anderson et al. (2014). We note, however, slight covariances
between these parameters and the transit depth in Figure 3.7. Updated knowledge
on these parameters may allow us to better constrain the transit depth in the future.
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Table 3.1: Light-Curve Fitting Results

Parameter Prior Posterior Note
WASP-69b WASP-52b WASP-69b WASP-52b

𝑃 (days) 3.86814098 1.74978179 (fixed) (fixed) (1), (2)
𝑡0 (BJDTDB) 2458711.8300727 2458743.8135163 (fixed) (fixed) (1), (2)

𝑢1 0.3975 0.3635 (fixed) (fixed) (3), (4), (5)
𝑢2 0.1156 0.1229 (fixed) (fixed) (3), (4), (5)
𝑒 0. 0. (fixed) (fixed) (4), (5)

(𝑅p/𝑅★)2 (%) U(0.0, 3.0) U(0.0, 6.0) 2.152+0.045
−0.045 2.97+0.13

−0.13 –
Δ𝑡0 (min) N(0.0, 0.70) N (0.0, 0.65) -0.57+0.42

−0.42 -0.39+0.54
−0.54 (1), (2)

𝑖 (◦) N(86.71, 0.20) N (85.17, 0.13) 86.63+0.15
−0.15 85.20+0.12

−0.12 (4), (6)
𝑎/𝑅★ N(12.00, 0.46) N (7.22, 0.07) 11.82+0.25

−0.25 7.207+0.062
−0.062 (4), (6)

𝛼 U(−0.2, 0.2) U(−0.2, 0.2) 0.0160+0.0026
−0.0025 0.0811+0.0012

−0.0012 –
log(𝜎extra) U(−3.5,−2.0) U(−3.5,−2.0) -2.711+0.025

−0.025 -2.422+0.060
−0.070 –

(1) WASP-69b ephemerides from Baştürk et al. (2019); (2) WASP-52b ephemerides from Baluev et al.
(2019); (3) Quadratic limb darkening coefficients calculated with ldtk (Husser et al., 2013; Parviainen

and Aigrain, 2015) (4) Stellar parameters (for limb darkening calculations), 𝑒, 𝑖, and 𝑎/𝑅★ from Anderson
et al. (2014) for WASP-69b; (5) Stellar parameters (for limb darkening calculations) and 𝑒 from Hébrard

et al. (2013) for WASP-52b; (6) 𝑖 and 𝑎/𝑅★ from Alam et al. (2018) for WASP-52b. Note also that
N(𝑎, 𝑏) denotes a Gaussian distribution centered on 𝑎 with standard deviation 𝑏, and U(𝑎, 𝑏) denotes a

uniform distribution between 𝑎 and 𝑏.

We achieved a per-point rms of 8.21 ppm/pt across 271 points. The final scatter
in our residuals was 2.0× the shot noise (the noise floor set by Poisson statistics
on our total detected photon counts, of which approximately 25% are background
counts due to OH emission). A small correlated component to the noise appears on
10 minute timescales (see Figure 3.4a); we obtain a Carter and Winn (2009) 𝛽 factor
of 1.08. This is noticeably larger scatter (relative to shot noise) than what we have
typically achieved in the past for targets of similar apparent brightness (Vissapragada
et al., 2020). We observed this target at high efficiency (collecting light 87.6% of
the time we were on sky), and the long exposure times make scintillation noise an
unlikely culprit (Stefansson et al., 2017). This may be a signature of variation in
the stellar He I line itself (Sanz-Forcada and Dupree, 2008; Andretta et al., 2017;
Salz, Czesla, Schneider, Nagel, et al., 2018), but if such variations occur on long
timescales (e.g. from spots on the stellar surface), then they would be corrected
by our linear detrending model, and if they occur on short timescales, they would
manifest as strong red noise in the light curve, which we do not observe. Rather, the
likely explanation for our photometric performance is a paucity of good comparison
stars in the field. WASP-69 inhabits a fairly sparse field already, and to compound
the issue we are limited in target placement to the arc shown in Figure 3.1d, which
may put otherwise accessible comparison stars outside the field of view. Thus, we
are limited in our ability to obtain many good comparison stars for this technique,
which here is likely the ultimate limiting factor in our photometry.
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Figure 3.4: Results for WASP-69b in (a) and WASP-52b in (b). Top: helium light
curves, with unbinned data in gray and data binned to a 10 minute cadence in black,
with best-fit models shown by the red curves. The blue curves indicate reference
transit depths from Tsiaras et al. (2018) for WASP-69b and Alam et al. (2018) for
WASP-52b. Middle: fit residuals, with unbinned data in gray and binned to 10
minute cadence in black. Bottom: Allan deviation plot of the residuals (black
curve) along with the photon noise limit (red curve) and the predicted behavior of
our residuals assuming white noise statistics (red dashed line). We find that the
scatter in these data is 2.0× the photon noise limit for WASP-69b and 1.3× the
photon noise limit for WASP-52b.

We now assess how our transit measurement compares to the spectroscopic mea-
surement of Nortmann et al. (2018). We took their reduced stellar spectra gathered
over two nights of observation and converted these from the planet rest frame (in
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which the reduced data were provided) back to the telluric rest frame. For each
spectrum (which we label 𝑓𝑖,𝜆, where 𝑖 indexes time and 𝜆 indexes wavelength),
we calculated the excess absorption signal 𝑓𝑖 in our bandpass using our measured
transmission function 𝑇𝜆 via

𝑓𝑖 =

∫
𝑓𝑖,𝜆𝑇𝜆𝑑𝜆∫
𝑇𝜆𝑑𝜆

. (3.3)

The timeseries 𝑓 then represents the excess absorption in the helium line during the
transit as would be measured by CARMENES through our helium filter. To this we
added the broadband light curve (calculated with the parameters of Tsiaras et al.,
2018) which gave the total light curve as would have been observed by WIRC. We
repeated this procedure for both nights of CARMENES data collection (with 35
spectra in night 1 and 31 spectra in night 2), and we present our results compared
to the two CARMENES timeseries in Figure 3.5a. Our data show good agreement
with those collected by Nortmann et al. (2018).
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Figure 3.5: (a) WIRC light curve of WASP-69b (unbinned in gray and binned to
7 minute cadence in black) compared to CARMENES light curves (computed by
integrating CARMENES spectra against our transmission function) from Nortmann
et al. (2018) in blue and orange (their first and second nights of data collections,
respectively). The comparison light curve from Tsiaras et al. (2018) is shown in red.
(b) Mirrored, unbinned WIRC light curve, with ingress shown in gray and egress
shown in black. Data from CARMENES are again shown in blue and orange for the
first and second nights of data collection (Nortmann et al., 2018). The post-egress
absorption reported by Nortmann et al. (2018) would fall within the red region. We
do not see significant evidence for it here, but the asymmetry is also washed out in
the calculated CARMENES light curve due to our wide bandpass (relative to the
CARMENES resolution element).

Nortmann et al. (2018) also report the detection of an asymmetric transit in He I, with
egress extending about half an hour past ingress. We do not find strong evidence
for this effect in our light curve. In Figure 3.5b, we show our WASP-69b light curve
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mirrored across our best-fit mid-transit time; there is no visible absorption in the
post-egress window where Nortmann et al. (2018) report an extended tail. While we
do not see strong evidence for this effect in our light curve, however, we cannot rule
it out. The amplitude of the reported post-egress absorption is of order 0.5%; when
diluted through our transmission function this becomes a 500 ppm effect which we
are not significantly sensitive to on a 22 min timescale (our rms on this timescale
is 388 ppm). Repeated observations of WASP-69b may allow us to constrain the
transit asymmetry in the future.

WASP-52b
Our helium light curve for WASP-52b, along with best-fit model, residuals, and
Allan deviation plot for the residuals are shown in Figure 3.4b, and a corner plot
summarizing the fit posteriors is shown in Figure 3.8. We measure a transit depth
of 2.97+0.13

−0.13%, which exceeds the spot-uncorrected transit depth between 898.5 nm
and 1030.0 nm (2.76 ± 0.021%) from Alam et al. (2018) by 1.6𝜎. Assuming the
same line structure shape as is observed for WASP-69b (Nortmann et al., 2018),
this converts to an amplitude of 1.31 ± 0.94% in the deepest line of the triplet.
This is meant only to give a sense of what one might expect at high resolution; in
reality, lineshapes can vary from planet to planet, and there is no guarantee that
assuming the line shape of WASP-69b is correct (Nortmann et al., 2018; Allart,
Bourrier, Lovis, D. Ehrenreich, Spake, et al., 2018; Salz, Czesla, Schneider, Nagel,
et al., 2018; Allart, Bourrier, Lovis, D. Ehrenreich, Aceituno, et al., 2019; Alonso-
Floriano et al., 2019; James Kirk et al., 2020). We obtained a per-point RMS of
35.6 ppm/pt across 177 points. The scatter in the light curve was 1.3× the photon
noise limit, binning down like white noise (see bottom panel of Figure 3.4). This
performance is comparable to what we have achieved in the past for similar targets
(Vissapragada et al., 2020), despite the fact that there were only four comparison
stars in the field of view.

WASP-52 is a young (0.4+0.3
−0.2 Gyr), active host star, with a log 𝑅′

HK index of−4.4±0.2
(Hébrard et al., 2013) and many authors observing and analyzing the effects of spots
and plages (J. Kirk et al., 2016; Chen, Pallé, et al., 2017; Louden et al., 2017; Mancini
et al., 2017; Alam et al., 2018; Bruno, Lewis, Stevenson, et al., 2018; May et al.,
2018; Bruno, Lewis, Alam, et al., 2020). Considering the proposed relationship
between planetary metastable helium absorption and stellar activity (Nortmann et
al., 2018; Alonso-Floriano et al., 2019), WASP-52 remains a high-priority target for
future work. Follow-up observations with high-resolution spectroscopic facilities
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on larger telescopes should be able to detect absorption and quantify the line shape
(which we must assume here) for this rather challenging target. We note that
confident detections of Na, K, and H𝛼 absorption in the atmosphere of this planet
recently required three transits with the ESPRESSO high-resolution spectrograph
on the VLT (Chen, Casasayas-Barris, et al., 2020). Though its host star is relatively
faint, WASP-52b is well worth additional observations in metastable helium, as the
other detected atomic species will provide some context for modeling the upper
atmosphere of this planet.

Mass Loss Modeling
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Figure 3.6: Mass loss modeling for WASP-69b in (a) and WASP-52b in (b). Each
point (𝑇0, ¤𝑀) corresponds to a different mass loss model, and the color of the point
indicates the 𝜎 discrepancy between that model and the data presented in Figure 3.5.

We interpret our observations of WASP-69b and WASP-52b using the Oklopčić and
Hirata (2018) model. Despite our lack of a significant detection for WASP-52b,
we model potential outflows from this planet to set an upper limit on the mass loss
rate corresponding to our upper limit on the excess absorption. As WASP-52b is
a high-priority target for future observations (James Kirk et al., 2020), this is a
particularly important constraint that we can obtain from our light curve.

We first computed grids of atmospheric mass loss models; following Oklopčić and
Hirata (2018) and Mansfield et al. (2018), we computed 1D density and velocity
profiles for a 90%–10% hydrogen–helium atmosphere losing mass to an isothermal
Parker wind. These profiles spanned 5,000–12,000 K in thermosphere temperature
𝑇0 and 109–1011 g/s in mass loss rate ¤𝑀 , with the ranges motivated by hydrody-
namics simulations of atmospheric escape (Salz, Czesla, Schneider, and Schmitt,
2016). Level populations for hydrogen and helium were then computed for each
profile. As there are no measurements of the stellar UV spectra (required for com-
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puting photoionization rates) for WASP-69 and WASP-52, we used UV spectra from
MUSCLES (France et al., 2016) of stars with similar spectral type. For WASP-69,
we used HD 85512 (K6) and for WASP-52 we used 𝜖 Eri (K2).

The resulting density profiles of 23S He were then used to compute the transit depth
in the line given our filter transmission function, and the model transit depths were
compared to those that we report in Table 3.1. We opted to compare only the transit
depths from the outflow models to our data rather than the full light curve, as the
full computation is substantially more expensive for a marginal gain in accuracy for
the model comparison (relative to our photometric uncertainties). In Figure 3.6,
we show how the model grids compare to our data, parameterized by the number
of standard deviations away from our data. For WASP-69b we obtain a curved
contour of best-fit solutions, indicating a known degeneracy between mass loss rate
and thermosphere temperature due to our inability to resolve line shapes (Mansfield
et al., 2018).

To summarize the contours in Figure 3.6, we quote our constraints on the mass loss
rate at two possible thermosphere temperatures. At 𝑇0 = 7, 000 K (12,000 K) we
obtain a corresponding mass loss rate of ¤𝑀 = 1010.50+0.05

−0.04 g/s ( ¤𝑀 = 1011.30+0.08
−0.08 g/s).

This translates to 5.25+0.65
−0.46 × 10−4 𝑀J/Gyr (3.32+0.67

−0.56 × 10−3 𝑀J/Gyr). The mass
loss rate for WASP-69b is therefore very similar to those reported for HAT-P-
11b and WASP-107b (Allart, Bourrier, Lovis, D. Ehrenreich, Spake, et al., 2018;
Mansfield et al., 2018; Spake et al., 2018; Allart, Bourrier, Lovis, D. Ehrenre-
ich, Aceituno, et al., 2019; James Kirk et al., 2020), which should be typical for
planets at similar distances and gravitational potentials (Salz, Czesla, Schneider,
and Schmitt, 2016). For WASP-52b, we can set a 95th-percentile upper limit
of ¤𝑀 < 1010.1 g/s (1011.1 g/s) at 𝑇0 = 7, 000 K (12,000 K). This translates to
2.1 × 10−4 𝑀J/Gyr (2.1 × 10−3 𝑀J/Gyr). We conclude from these measurements
that, barring substantial changes in orbital distance and stellar irradiation, WASP-
69b (𝑀p = 0.26𝑀J) and WASP-52b (𝑀p = 0.46𝑀J) will survive over the lifetime of
their host stars (losing at most a few percent in envelope mass), and their composi-
tions will not be substantially impacted by mass loss.

3.5 Conclusions
In this work, we have presented a new photometric technique to observe the
metastable 23S helium absorption feature near 1083.3 nm using an ultra-narrowband
filter and a beam-shaping diffuser. We benchmarked this new technique by observ-
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ing WASP-69b, a planet for which the shape of the helium feature has been measured
with high-resolution spectroscopy (Nortmann et al., 2018). Our technique detects
helium absorption to 11.1𝜎 confidence (a single-transit S/N comparable to that
achieved with CARMENES) in this planet’s atmosphere, at a level consistent with
previous observations. Additionally, for WASP-52b we set a 95th-percentile up-
per limit on excess absorption in the helium bandpass of 0.47%. We find that the
quality of our photometry relative to the photon noise limit depends sensitively on
the availability of comparison sources. Interpreting our results with atmospheric
mass loss modeling allows us to constrain the mass loss rate for WASP-69b to
5.25+0.65

−0.46 × 10−4 𝑀J/Gyr (3.32+0.67
−0.56 × 10−3 𝑀J/Gyr) at 7,000 K (12,000 K), and

additionally we set an upper limit to the mass loss rate for WASP-52b at these tem-
peratures of 2.1 × 10−4 𝑀J/Gyr (2.1 × 10−3 𝑀J/Gyr). These values are typical for
other gaseous planets at similar gravitational potentials and orbital periods, and we
conclude that both of these planets’ atmospheres will not be substantially affected
by mass loss for many Gyr.

Diffuser-assisted, ultra-narrowband photometry on a wide-field camera is a unique
way to study exoplanet atmospheres, but it also comes with challenges. For the
experimental setup detailed here, we sometimes have to settle for sub-optimal pho-
tometry on brighter targets because we are observing in sparse fields with relatively
few suitable comparison stars, and also because of the constraints imposed by the
AOI shift effect. Additionally, the lack of a comparison bandpass means that we
must rely on high-precision infrared transit measurements taken by other groups (or
simultaneous measurements with different instruments) to establish the magnitude
of the excess absorption in the helium line, rather than doing so in our own exper-
imental setup. Both of these challenges could be overcome with photometers like
those presented in Baker, Blake, and Halverson (2019), which allow for simultane-
ous photometry of a target star in two adjacent passbands. Though our restricted
instrumental setup does not presently allow us to use this method, or other multi-
color imaging methods requiring dichroics (e.g. Dhillon et al., 2016), we believe
these are fruitful avenues for future exploration in the context of narrow atomic and
molecular features.

Despite the challenges we have encountered in our constrained experimental setup
with WIRC, we have demonstrated that our system is capable of measuring mass
loss rates for most advantageous targets. Our technique occupies a unique niche
in the current suite of approaches to metastable helium observations. First, the



86

narrowband filter affords us better precision than space-based spectroscopy with
HST WFC3, scaling from the precisions of Spake et al. (2018) and Mansfield et
al. (2018). Second, while the James Webb Space Telescope will achieve much
better precision (Allart, Bourrier, Lovis, D. Ehrenreich, Spake, et al., 2018), we can
schedule and observe targets more readily on a ground-based 5 m telescope, allowing
us to survey a wider range of planets. Third, the high efficiency of our technique
lets us observe targets beyond the magnitude limits of high-resolution spectrographs
on smaller telescopes. With future WIRC observations, we aim to characterize the
fundamental relationships between mass loss, stellar activity, high-energy flux, and
planetary age (Nortmann et al., 2018; Alonso-Floriano et al., 2019; Oklopčić, 2019;
Owen, 2019).

3.6 Appendix: Posterior Probability Distributions
In this section, we show the posterior probability distributions for our light-curve
fits to WASP-69b and WASP-52b.
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C h a p t e r 4

A SEARCH FOR PLANETARY METASTABLE HELIUM
ABSORPTION IN THE V1298 TAU SYSTEM

Vissapragada, Shreyas et al. (Nov. 2021). “A Search for Planetary Metastable Helium
Absorption in the V1298 Tau System”. In: AJ 162.5, 222, p. 222. doi: 10.3847/
1538-3881/ac1bb0. arXiv: 2108.05358 [astro-ph.EP].

The atmospheres of close-in exoplanets evolve substantially over their lifetimes. As
planets cool and contract after formation, their extended atmospheres are subject to
intense high-energy radiation from their young, active host stars on timescales of up
to a Gyr (Owen, 2019; King and Wheatley, 2021). This radiation heats the planetary
thermosphere via photoionization, and can launch a hydrodynamic wind that carries
mass away from the planet (Murray-Clay, Chiang, and Murray, 2009). Additionally,
the planet’s own cooling interior may itself power mass loss as the envelope opacity
decreases (Ginzburg, Schlichting, and Sari, 2018; Gupta and Schlichting, 2019).
Regardless of the mechanism, the impact of early atmospheric mass loss can be
observed in population-level studies of older planets. Over the last decade, this
phenomenon has been invoked to explain both the radius valley (Lopez and Fortney,
2013; Owen and Wu, 2013; Fulton, Petigura, et al., 2017; Owen and Wu, 2017;
Fulton and Petigura, 2018; Van Eylen et al., 2018; Hardegree-Ullman et al., 2020)
and the lower boundary of the hot Neptune desert (Lundkvist et al., 2016; Mazeh,
Holczer, and Faigler, 2016; Owen and Lai, 2018).

In order to accurately interpret population-level trends, we must rely on models to
predict the cumulative atmospheric mass loss from individual planets. Observa-
tions of present-day mass loss rates for close-in planets provide an invaluable test
of these models. For nearby systems (≲ 100 pc) that are not fully obscured by
absorption from the interstellar medium, transmission spectroscopy in the wings of
the Lyman-𝛼 line can reveal escaping high-velocity neutral hydrogen (e.g. Vidal-
Madjar et al., 2003; Lecavelier Des Etangs et al., 2010; David Ehrenreich et al.,
2015; Bourrier et al., 2018). Near-infrared observations of metastable helium
absorption at 1083 nm provide a complementary probe of atmospheric escape (An-
tonija Oklopčić and Hirata, 2018; Spake, Sing, et al., 2018). The accessibility of
the metastable helium triplet from the ground makes it well-suited to surveys using
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high-resolution spectroscopy (Allart, Bourrier, Lovis, D. Ehrenreich, Spake, et al.,
2018; Nortmann et al., 2018; Salz, Czesla, Schneider, Nagel, et al., 2018; Allart,
Bourrier, Lovis, D. Ehrenreich, Aceituno, et al., 2019; Alonso-Floriano et al., 2019;
Kirk et al., 2020; Joe P. Ninan et al., 2020; Palle et al., 2020) as well as narrowband
photometry (Vissapragada et al., 2020a; Paragas et al., 2021). Helium absorption
has also been detected in two systems using high-precision 𝑅 ∼ 100 spectroscopy
with the Hubble Space Telescope (Mansfield et al., 2018; Spake, Sing, et al., 2018),
although the sensitivity of these measurements is limited by their relatively low
spectral resolution.

Over the past few years, these observations have significantly expanded the sample
of transiting planets with well-constrained present-day mass loss rates. However,
all of the systems observed to date have estimated ages of a few Gyr. By that
time, most of the major processes that sculpt these systems—including atmospheric
erosion—have largely concluded. It would be preferable to observe atmospheric
escape in young planetary systems, as this would allow us to test our understanding
of mass loss physics during the epoch when most atmopsheric mass loss is predicted
to occur. There are currently only seven confirmed young (< 100 Myr) transiting
planet systems: K2-33 (David, Lynne A. Hillenbrand, et al., 2016; Mann et al.,
2016), V1298 Tau (David, Cody, et al., 2019; David, Petigura, et al., 2019), DS Tuc
A (Newton et al., 2019), TOI 837 (Bouma et al., 2020), AU Mic (Plavchan et al.,
2020), TOI 942 (Carleo et al., 2021; Zhou et al., 2021), and HIP 67522 (Rizzuto
et al., 2020). The expected magnitude of the outflows from these young planets
depends on their gravitational potentials (e.g. Hirano et al., 2020), which can be
calculated using their measured masses and radii. Unfortunately, it is difficult to
obtain precise radial velocities (RVs) for young stars (e.g. Beichman et al., 2019;
Plavchan et al., 2020; Klein et al., 2021), which severely limits our knowledge of
the planetary masses.

Of the aforementioned young transiting systems, V1298 Tau is a uniquely favorable
target for observations of atmospheric escape. First, it is one of only two K stars in
the sample (David, Cody, et al., 2019). K-type stars are optimal for observations of
metastable helium, as they have a favorable ratio of EUV to mid-UV flux, which sets
the level population in the metastable state (Antonija Oklopčić, 2019). Although
early M stars have a similarly favorable flux ratio, K stars output a larger total EUV
flux than M stars, resulting in more helium ionization and subsequent recombination
into the metastable state. We note that because V1298 Tau is a pre-main sequence
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star, the radiative physics may differ somewhat from the more mature K dwarfs
considered in Antonija Oklopčić, 2019. The V1298 Tau system is also dynamically
unique; although the orbital period of the outermost planet is poorly constrained, the
orbital periods of the three interior planets are close to a 2:3:6 chain of mean-motion
resonances, with planet c orbiting V1298 Tau every 8.2 days, planet d every 12.4
days, and planet b every 24.1 days (David, Petigura, et al., 2019). This should allow
for strong constraints on the planetary masses using the transit-timing variation
(TTV; Livingston et al. in prep.) technique, circumventing the difficulties of RV
mass measurements for this young system.

In this work, we use the metastable helium triplet at 1083 nm to search for at-
mospheric outflows from the three innermost planets in the V1298 Tau system.
In Section 4.1, we describe our narrowband helium transit observations with the
Wide-field InfraRed Camera (WIRC; Wilson et al., 2003) on the Hale 200" tele-
scope at Palomar Observatory, as well as complementary observations obtained
with the Habitable-zone Planet Finder (HPF; Mahadevan, L. Ramsey, et al., 2012;
Mahadevan, L. W. Ramsey, et al., 2014) near-infrared spectrograph on the 10m
Hobby-Eberly Telescope (HET). In Section 4.2 we fit the resulting transit light
curves, tentatively detecting an increased radius ratio in the helium bandpass for
planet d. We discuss our results in Section 4.3, and we conclude in Section 4.4 by
summarizing the implications of our results and detailing the highest-priority future
observations needed for confirmation.

4.1 Observations
Palomar/WIRC
We observed two partial transits of V1298 Tau d, one full transit of V1298 Tau c,
and one partial transit of V1298 Tau b between 2020 October and 2021 January.
A summary of our observations is given in Table 4.1. We utilized a beam-shaping
diffuser (Stefansson, Mahadevan, Hebb, et al., 2017; Vissapragada et al., 2020b) and
a narrowband helium filter for these observations with an exposure time of 30 s. The
diffuser molds the stellar PSFs into a top-hat shape with a FWHM of 3′′, mitigating
noise stemming from time-correlated variations in the stellar point spread function
and improving our overall observing efficiency by allowing for longer integration
times. Our custom narrowband helium filter is centered at 1083.3 nm with a
FWHM of 0.635 nm. In Vissapragada et al., 2020a, we presented commissioning
observations using this filter where we reproduced the helium absorption signal
reported by Nortmann et al. (2018) for WASP-69b.
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As described in Vissapragada et al., 2020a, the filter bandpass shifts with angle
of incidence (AOI). This means that only a small fraction of the 8.7′ × 8.7′ field
of view of our camera has an effective bandpass centered on the the metastable
helium feature. We calibrated this effect at the start of each night by illuminating the
detector with light from a helium arc lamp (which emits in the 1083 nm line) and
placing V1298 Tau on the resultant bright semicircular region where the effective
filter bandpass is aligned with the metastable helium feature. Before beginning
the exposure sequence on each night, we also performed a seven-point dither to
construct a sky background frame.

Conditions were clear for the first night of observations on 2020 October 8 UT, but on
2020 November 27 UT, the seeing was exceptionally poor for Palomar (sometimes
exceeding 3′′). On the night of 2020 December 17 UT, there were rapid transparency
variations due to thin cirrus coverage for most of the observation. On the night of
2021 January 1 UT, conditions were mostly clear, with some thin cirrus coverage
appearing in the final hour. Due to a software crash we lost about 15 minutes of
data in the middle of this final night.

The data were dark-subtracted, flat-fielded, and corrected for bad pixels using the
method detailed in Tinyanont et al. (2019). As in Vissapragada et al. (2020a),
we also corrected the non-uniform background (which arises from telluric OH
emission lines) by median-scaling the dithered background frame in 10 px radial
steps beginning from the filter zero point at the top of the detector, where light has
encountered the filter at normal incidence. After image calibration, we performed
aperture photometry on the target star and two comparison stars of similar brightness
(HD 284153 and HD 284154) using the photutils package (Bradley et al., 2019),
trying apertures with radii ranging from 5 to 20 px in 1 px steps (the pixel scale for
WIRC is 0.′′25/px). We allowed the aperture centers to shift in each image in order
to track variations in the telescope pointing, and found average pointing shifts of
2-3 px on all nights. We subtracted any residual local background using an annulus
around each source with an inner radius of 25 px and an outer radius of 50 px.

We pre-processed the light curves for all aperture sizes by clipping 5𝜎 outliers
using a moving median filter with a window size of 11. We then selected the
optimal aperture size for each night of data by minimizing the per-point rms of the
median-filtered photometry. We preferred an 11 px aperture for the 2020 October
8 night, a 15 px aperture for the 2020 November 27 night, a 7 px aperture for the
2020 December 17 night, and a 10 px aperture for the 2021 January 1 night.
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HPF/HET
We obtained high resolution spectra of V1298 Tau with the Habitable-zone Planet
Finder (HPF) spectrograph (Mahadevan, L. Ramsey, et al., 2012; Mahadevan,
L. W. Ramsey, et al., 2014), a high-resolution (𝑅 ∼ 55, 000) temperature-stabilized
(Stefansson, Hearty, et al., 2016) fiber-fed (Kanodia et al., 2018) spectrograph on
the 10m Hobby Eberly Telescope at McDonald Observatory. HPF operates in the
near-infrared (NIR) covering the 𝑧, 𝑌 , and 𝐽 bands from 810-1280 nm, and fully
resolves the He 1083 nm line. We observed V1298 Tau with HPF on 2020 October
12-14 UT and 2020 November 14 UT. The October 12 observation coincided with
a transit of V1298 Tau c. For the October observations, we used an exposure time
of 617.7 s, and for the November observations we used an exposure time of 564.5 s.
We collected 6 exposures on the first night, 3 exposures on the second night, 3
exposures on the third night, and 6 exposures on the fourth night, with a median S/N
of 143 per 1D extracted pixel at 1 𝜇m.

The HPF 1D spectra were processed using the procedures described in J. P. Ninan
et al., 2018, Kaplan et al., 2019, Metcalf et al., 2019, and Stefansson, Cañas, et al.,
2020. Following Joe P. Ninan et al., 2020, we elected to observe V1298 Tau without
the simultaneous HPF Laser Frequency Comb (LFC) calibrator, to minimize any
possible impact from scattered light in the target star fiber. We deblazed the spectra
using a combination of a static flat HPF exposure and a simultaneous low-order
polynomial fit to account for residual low-order spectral differences for the different
HPF visits. To correct for OH-sky emission, we estimated the sky background using
the simultaneous HPF sky fiber and subtracted this background from the target star
spectrum following Joe P. Ninan et al., 2020.

We correct for telluric absorption by using molecfit (Smette et al., 2015; Kausch
et al., 2015) to fit telluric features in the deblazed and continuum normalized HPF
spectra. It is important to obtain an accurate correction for the time-varying telluric
absorption, as there are two telluric water lines that partially overlap with the He
1083 nm feature. For the molecfit fit, we used a Gaussian kernel to describe
the HPF PSF. Although in actuality the HPF PSF shape is more complex, we tried
modeling the PSF as a combination of a Gaussian and a Lorentzian and found that
this did not improve the quality of the telluric correction. We therefore opted to use
the simpler Gaussian fit in our final analysis. We restricted the fit to water lines, and
allowed for the time-varying shape of these telluric features by fitting each spectrum
independently. We also inflated the uncertainties in the vicinity of the telluric region
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by a factor of 1.2 to match the uncertainty estimate with the as-observed additional
scatter due to imperfections in the telluric correction.

Figure 4.1 shows the resulting spectra after the telluric correction is applied. After
applying the telluric correction, we calculated the equivalent width of the line in
a region from 1083.1–1083.48 nm (see grey region in Figure 4.1b), which spans
the full extent of the observed variation in the He 1083 nm line. Also shown is
a light curve of V1298 Tau c taken on 2020 October 12 from the ARCTIC (As-
trophysical Research Consortium Telescope Imaging Camera; Huehnerhoff et al.,
2016) imager on the Astrophysical Research Consortium (ARC) 3.5m Telescope
at Apache Point Observatory. The light curve exhibits a clear stellar flare 19 min
before the HPF spectroscopic observations started. These observations and their
associated modeling are described in detail in Livingston et al. (in prep.) Briefly,
data were taken with a beam-shaping diffuser and narrow-band (30 nm) filter with
minimal telluric absorption lines centered around 857 nm (see e.g., Stefansson, Ma-
hadevan, Hebb, et al., 2017; Stefansson, Mahadevan, Wisniewski, et al., 2018). The
flare, transit, and correlated noise were modeled using the allesfitter package
(Günther and Daylan, 2019; Günther and Daylan, 2021), using the Davenport et
al. (2014) parameterization for the flare and a Matern-3/2 kernel from celerite
(Daniel Foreman-Mackey et al., 2017) to describe the correlated noise.

4.2 Light-curve Modeling
Palomar/WIRC
We fit the aperture-optimized WIRC photometry using the exoplanet package
(Dan Foreman-Mackey et al., 2020). The priors for our model parameters are
listed in Table 4.2. For each WIRC dataset, we modeled the light curve with a
limb-darkened transit model (normalized to one) from starry (Luger et al., 2019)
multiplied by a systematics model and then added to a baseline model. We fixed
the mean ephemerides to the best-fit solution from Livingston et al. (in prep.), and
used TTVOrbit to allow for an offset in the transit timing for each data set. For
planet c, we placed a restrictive prior N(0 min, 30 min) on the offset Δ𝑇c to avoid
fitting correlated features at the edges of the light curve. For planet b, we used a
wide uniform prior U(−120 min, 120 min) on the offset Δ𝑇b. The transit timing
for planet d was measured independently by the Las Cumbres Observatory Global
Telecope (LCOGT Brown et al., 2013) 1 m Sinistro imager on 2020 October 8 UT
(Livingston et al. in prep.), so we fit that transit time 𝑡ingress with a normal prior
centered on the LCOGT transit time, and allowed for a TTV offset between the
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Figure 4.1: a) Diffuser-assisted transit observations of V1298 Tau c. Unbinned data
are shown in black, and 6 min binned data are shown in blue. A large stellar flare is
visible during the transit. The best-fit transit plus flare model is shown in red. The
model and data are shown after removing the best-fit Gaussian Process correlated
noise model. The black triangles denote the timing of the HPF observations obtained
during the transit. b) Residuals from transit fit. c) Spectroscopic observations
obtained with HPF of the He 1083 nm triplet (orange lines show the He 1083 nm
triplet in the stellar rest frame). The averaged spectrum in black was obtained
during the transit shown in the left panel, while averaged spectra from HPF visits
on other nights are shown as colored points and lines. The locations of the OH and
water lines are indicated in red and blue, respectively. d-g) Equivalent width (EW)
measurements of the He 1083 nm line inside the grey region shown in panel c. We
see a linear increase in the EWs during the transit (black points in d). The EWs
remain stable over ∼10 min timescales in the other visits, but change on timescales
of days to months.

ingress and egress epochs with a uniform prior of U(−120 min, 120 min).

We placed a uniform prior on the impact parameter 𝑏, which we sample using
the algorithm from Espinoza, 2018. We fit this parameter jointly with detrended
light curves from K2 (David, Petigura, et al., 2019) in order to ensure that the
final light curves have the correct transit duration, as we could only achieve partial
phase coverage in most of our observations. We fit the the radius ratio in the
WIRC bandpass with a wide uniform prior U(0, 0.3) for each planet. We use the
difference between the WIRC radius ratio and the radius ratio in the 𝐾2 bandpass
(David, Petigura, et al., 2019) as a measure of the excess absorption in the helium
feature due to the presence of an extended atmosphere, which we label Δ𝑅p/𝑅★.
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We additionally included normal priors on the stellar mass and radius from David,
Petigura, et al. (2019), and fit for the quadratic limb-darkening coefficients (𝑢1, 𝑢2)
using the Kipping (2013) prescription. Finally, we fit a photometric jitter term
log(𝜎extra) for each dataset to quantify the average scatter in excess of the photon
noise.

For the baseline, we initially used a linear function 𝑎1𝑥
′ + 𝑎0 for each light curve,

where 𝑎𝑖 are free parameters with uniform priors U(−1, 1) for each dataset and
𝑥′ = 𝑥 − med(𝑥) are the median-normalized BJD observation times. For planet
c, where the observing conditions were relatively poor, we found that the results
exhibited significant correlated noise, so we modeled the correlated component
using an additional Gaussian Process (GP) term. We used a Matern-3/2 kernel as
implemented in celerite2 (Daniel Foreman-Mackey, 2018), with free parameters
describing the timescale and amplitude, 𝜌 and 𝜎. We placed wide uniform priors
of U(0, 0.3 days) and U(0, 0.1), respectively, on these two parameters.

For our systematic noise model we used a linear combination of detrending vectors,
with each vector multiplied by a weight 𝑤𝑖 and summed to generate the systematics
model. We allowed each of these weights to vary as a free parameter in the fit
with a uniform prior U(−1, 1). There were three detrending vectors for each night,
including photometry for the two comparison stars and a proxy for the time-variable
telluric water absorption. As discussed in the previous section, there are two telluric
water lines that overlap with the metastable helium feature. In our photometric
observations, we cannot fit for the telluric water spectrum and remove it from
each individual image frame. Uncorrected time-varying absorption in these water
lines can add correlated noise to the target star photometry and bias our estimate
of the transit depth. We corrected this time-varying absorption using the method
detailed in Paragas et al. (2021). In short, we used the integrated OH emission line
intensities in our images to track the stability of the water feature using the ratio
of water-contaminated to water-uncontaminated OH emission line intensities on the
detector.

We used the No U-Turn Sampler (NUTS; Hoffman and Gelman, 2011) implemented
in PyMC3 (Salvatier, Wieckiâ, and Fonnesbeck, 2016) to sample the posterior dis-
tributions for our model parameters. We ran four chains, tuning each for 1,000
steps before taking 1,500 draws from the posterior (for a total of 6,000 draws). The
Gelman-Rubin statistic (Gelman and Rubin, 1992) was less than 1.01 for all sampled
parameters, indicating good convergence. We list the priors and posteriors for the
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Table 4.2: Priors and posteriors for V1298 Tau fits for WIRC.

Parameter Prior Posterior Units

Δ𝑇0,c N(0, 30) −1.3+34.8
−29.2 min

𝑏c Espinoza (2018) 0.14+0.12
−0.09 –

𝑅c/𝑅★ U(0, 0.3) 0.0128+0.0137
−0.0089 –

Δ𝑅c/𝑅★ [derived] −0.025+0.014
−0.009 –

tingress N(2459131.0943, 0.0077) 2459131.1088+0.0077
−0.0068 BJDTDB

TTVd U(−120, 120) −101+14
−12 min

𝑏d Espinoza (2018) 0.124+0.124
−0.082 –

𝑅d/𝑅★ U(0, 0.3) 0.0642+0.0047
−0.0048 –

Δ𝑅d/𝑅★ [derived] 0.0205+0.0055
−0.0053 –

Δ𝑇0,b U(−120, 120) −56.5+14.4
−9.9 min

𝑏b Espinoza (2018) 0.439+0.041
−0.016 –

𝑅b/𝑅★ U(0, 0.3) 0.0128+0.0137
−0.0089 –

Δ𝑅b/𝑅★ [derived] 0.0036+0.0095
−0.0107 –

𝑀★ N(1.101, 0.050) 1.104+0.046
−0.045 𝑀⊙

𝑅★ N(1.345, 0.056) 1.333+0.030
−0.024 𝑅⊙

𝑢1 Kipping (2013) 1.80+0.11
−0.18 –

𝑢2 Kipping (2013) −0.851+0.160
−0.088 –

For brevity, we excluded the detrending vector weights, baseline
coefficients, and jitter parameters from this table.

fits in Table 4.2, and plot the phased transit data along with the best-fit models and
residuals in Figure 4.2.

4.3 Discussion
The Stellar Helium Line
The spectra in Figure 4.1 show a broad, deep helium feature for V1298 Tau, reaching
equivalent widths of 0.35 Å. The line’s equivalent width varies substantially on
month-long timescales, decreasing to EW = 0.2 Å just one month after the first
observation. We conclude that, for this 23 Myr-old pre-main sequence star, it is
critical to acquire a reliable baseline measurement immediately before and after the
transit. This stands in contrast to previous literature studies of older stars, which
have successfully utilized baseline measurements collected across multiple epochs
to measure the strength of the planetary helium absorption during the transit (Joe P.
Ninan et al., 2020). The overall stellar line shape appears to remain consistent across
all of our observations.
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Figure 4.2: Detrended Palomar/WIRC helium light curves and residuals for V1298
Tau b, c, and d. For planet c (top left panel), we overplot the best-fit Gaussian
Process model, which was subtracted from the light curve, as a solid red line. In
all panels, unbinned data are shown in gray and data binned to 10 min cadence are
shown in black. The circles and triangles for V1298 Tau d denote data from the first
and second nights, respectively. In the top panels, the dashed colored line represents
the best-fit K2 optical light-curve model, the solid colored line indicates the best-fit
WIRC light-curve model, and the shaded region represents the 68% confidence
interval on the WIRC model.

Our helium transit light curves also require very strong limb-darkening in order to
obtain a good fit. The Solar disk is known to exhibit strong limb-darkening in the
helium line (e.g. Harvey and Sheeley, 1977), and this effect may be stronger for
young, active stars. Additionally, there is a potential degeneracy between the model
limb-darkening and the outflow geometry. Even for modest outflows, deviations
from spherical symmetry in the extended metastable helium distribution can change
the morphology of the light curve (Wang and Dai, 2021a; Wang and Dai, 2021b).
Both of these factors may contribute to the “V-shaped” appearance of the light
curves, especially for planet d.

A Stellar Flare Observed in Helium
Six HPF spectra were obtained during a white-light flare that overlapped with a
transit of V1298 Tau c. As shown in Figure 4.1, the equivalent width (EW) of the
He 1083 nm line appears to increase during the decay phase of the flare, whereas
observations at other epochs exhibit stable EWs on similar timescales. We fit
the EW increase in Figure 4.3 with a linear model (EW = 𝑚𝑡 + 𝑏) and find that
𝑚 = 0.66±0.19 Åday−1. Integrating the resulting posteriors for the slope𝑚 suggests
that 𝑚 > 0 at 99.9% confidence.
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Because the flare occurred during the transit of V1298 Tau c, it is difficult to
definitively say whether the increase in helium EW during the transit is due to the
star or the planet. CARMENES observations of the helium line in M dwarfs have
shown evidence for enhanced helium absorption during flares (Fuhrmeister et al.,
2020), consistent with our observations here. Recent work also suggests that stellar
flares may lead to temporary enhancements in planetary mass loss rates and helium
absorption; such enhancements are predicted to lag the peak of the flare by a few
hours (the dynamical timescale; Wang and Dai, 2021a). Our observations were
collected 0.5-1.5 hr from the flare peak, so we could also be observing enhanced
helium absorption from planet c due to the flare.

However, as we will discuss in Section 4.3, our non-detection of helium absorption in
planet c allows us to place an upper limit on the magnitude of helium absorption from
the planet’s atmosphere. This may indicate that helium in this planet’s atmosphere
is already mostly ionized, in which case any additional high-energy input from the
flare would be unlikely to enhance the level population in the metastable state. We
conclude that the simplest explanation is an enhancement in chromospheric helium
absorption, but this can be tested with additional helium transit observations of
planet c.

Figure 4.3: Linear fit to the metastable helium equivalent widths in the decay phase
of the flare observed on 2020 October 12. The median model is plotted as a red
line, and the grey shaded region represent the 1𝜎 credible intervals.
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Non-Detections for V1298 Tau b and c
We detected the egress of V1298 Tau b with a modest transit-timing offset of
−57+14

−10 min. However, we did not require an extended planetary radius in the
helium line to fit the data. Our upper limit of Δ𝑅b/𝑅★ < 0.019 suggests that the
planet does not exhibit strong helium absorption. This planet is relatively distant
from its host star, so its atmosphere may not receive enough high-energy flux to drive
a substantial outflow and/or create a substantial population of metastable helium. On
the other hand, our data only cover half of the transit, which limits the sensitivity of
our measurement. If planet b has an extended egress comparable to that of WASP-
69 b (Nortmann et al., 2018) and WASP-107 b (Spake, A. Oklopčić, and L. A.
Hillenbrand, 2021; Wang and Dai, 2021b), our data might still be consistent with a
strong excess absorption signal during the transit. In this case the the transit-timing
offset would need to be even larger, but we cannot exclude this possibility with the
current partial phase coverage.

We were unable to detect the transit of V1298 Tau c at all. Our light curve exhibited
strong correlated noise on the order of the broadband transit depth, likely stemming
from the poor weather conditions during the observations. Our observations covered
the full transit with approximately a transit duration’s worth of additional baseline,
so it would have required a TTV of ≳ 3 hr to shift the transit out of the observation
window. We conclude that the non-detection is likely due to correlated noise in our
light curve.

The non-detection of an escaping atmosphere is broadly consistent with recent work
by Feinstein et al. (2021), who observed H𝛼 variations with Gemini-N/GRACES
during a transit of V1298 Tau c but concluded that these variations were most
likely stellar in nature as they did not appear to originate in the planetary rest
frame. Our result suggests that either this planet has a relatively low mass loss
rate, or the helium in the observable region of its atmosphere is mostly ionized.
Antonija Oklopčić (2019) modeled planets orbiting older (> Gyr) stars and found
that planets on very close-in orbits should have helium ionization fronts at relatively
low altitudes. Because ionization dominates over recombination through most of the
upper atmospheres in these planets, the metastable state is not efficiently populated,
and in-transit absorption in the 1083 nm line is suppressed. Although planet c’s
scaled semi-major axis is an order of magnitude larger than those of the planets
with ionized atmospheres in Antonija Oklopčić (2019), the star also outputs 100×
more high-energy radiation (Poppenhaeger, Ketzer, and Mallonn, 2021), so strong
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ionization is a plausible explanation for the non-detection. A thin ionization front
at low altitudes would also place this planet in the recombination-limited mass
loss regime (Murray-Clay, Chiang, and Murray, 2009; Owen and Alvarez, 2016;
Lampón et al., 2021). Consequently, the mass-loss efficiency (in the energy-limited
formalism) should be quite low.

A Tentative Signal for V1298 Tau d
For planet d, we find stronger evidence for an extended atmosphere with Δ𝑅d/𝑅★ =

0.018 ± 0.005 (3.6𝜎). However, the posterior requires a rather large transit-timing
offset between the ingress and egress epochs of V1298 Tau d of −100 ± 20 min.
We note that the K2 data, which spanned a period of two months, did not exhibit
such large short-periodic TTVs. The data spanning ingress are well-behaved, with
a scatter close to the photon noise limit and relatively little correlated noise. The
transit time for this epoch was also independently measured with a broadband light
curve (see §4.1), and the timing of ingress is tightly constrained by these data. On
the other hand, the egress data have a larger variance relative to the photon noise
limit and do not have any independent transit timing constraints. It is therefore
possible that our constraints on the egress time are somehow biased by correlated
noise in our data; if this is the case, it would also affect our estimate of the transit
depth in the helium band. We therefore consider the measured excess absorption
signal to be tentative at best.

We tested the robustness of our fit by adding the PSF widths and centroid offsets as
covariates with their own weights in our systematics model. The former covariate is
particularly relevant for the night of the egress observation (November 27), which
had relatively poor and variable seeing. We found that the best-fit weights for these
parameters were indistinguishable from zero, yielding parameter estimates within
1𝜎 of those reported in Table 4.2. We conclude that our choice of systematics model
has a negligible impact on the best-fit transit timing offset.

We next consider whether or not telluric effects might cause a spurious signal in our
data. As discussed in §4.1, our helium bandpass overlaps with a strong telluric water
feature, which can introduce a time-varying signal into our light curves (Paragas
et al., 2021). While we correct for this effect by using a proxy for the time-varying
water column as a detrending vector for all observations, the correction may be
inadequate if the planetary helium absorption signal overlaps with the telluric water
lines and both are variable. For typical line widths, the water line will encroach on
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the planetary helium feature for geocentric velocities of 50 km/s ≲ 𝑣 ≲ 85 km/s. The
geocentric velocity of V1298 Tau on our WIRC nights ranges between -8 km/s (for
the 2020 October observations) and 33 km/s (for the 2021 January observations).
However, for strong planetary outflows the line may be broadened (Wang and Dai,
2021b), resulting in overlap with the telluric water features. Even at a modest
10 km/s geocentric velocity, the 2020 November HPF observations revealed that
the strongly broadened stellar helium line was beginning to overlap with the telluric
water lines. If the planetary helium line is similarly broad, then it is likely to overlap
with the water line. Because the data for V1298 Tau d presented here are taken at
small geocentric velocities, they should be less prone to this second-order effect.

Atmospheric Escape Modeling
If we assume that the excess absorption signal observed for V1298 Tau d is due
to the extended atmosphere of the planet, we can translate this quantity into an
inferred mass loss rate. We compare our measured Δ𝑅d/𝑅★ value to predictions
from the atmospheric escape model described in Antonija Oklopčić and Hirata
(2018). This model treats the outflow as a 1D Parker wind with a fixed mass-loss
rate ¤𝑀 and thermosphere temperature 𝑇0, and compute the level populations and
resulting helium absorption signal during transit. We explored models spanning
a wide range of thermosphere temperatures and mass loss rates, motivated by the
broad range of values obtained in numerical simulations of atmospheric escape for
a diverse sample of exoplanets presented in Salz, Czesla, Schneider, and Schmitt
(2016). We mapped out the regions where the model predictions were consistent
with our observations. For the photoionization and level population calculations we
constructed an input stellar spectrum with an integrated XUV flux consistent with
the estimate for V1298 Tau derived by Poppenhaeger, Ketzer, and Mallonn (2021),
and a mid-UV flux consistent with spectra of T Tauri stars from Ingleby et al. (2013).
We tested our sensitivity to the assumed high-energy stellar spectrum by re-running
the intermediate mass model grid with a different input spectrum (also satisfying the
integrated XUV flux estimate from Poppenhaeger, Ketzer, and Mallonn, 2021, but
with different wavelength dependence), and found that it shifted our inferred mass
loss rates upward by approximately a factor of three; we conclude that the stellar
spectrum is a comparable or smaller source of uncertainty than the assumed planet
mass (see discussion below).

In order to run these models, we must assume a value for the planet mass. Unfor-
tunately, there are no published measurements of the mass of V1298 Tau d. We
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Figure 4.4: Combinations of mass-loss rate ¤𝑀 and outflow temperature 𝑇0 that
generate helium absorption consistent with our V1298 Tau d light curve. Solutions
are calculated assuming the planet is 20𝑀⊕ (green), 50𝑀⊕ (orange), and 100𝑀⊕
(blue). Shaded regions denote 1𝜎 agreement with the observations and dotted lines
denote 3𝜎 agreement.

therefore ran three separate model grids for representative masses of 20 𝑀⊕, 50
𝑀⊕, and 100 𝑀⊕. The latter mass is a rough empirical upper limit from Thorngren,
Marley, and Fortney (2019), who studied an ensemble of older gas giant planets
cooler than 1000 K. Planets in their sample with radii comparable to V1298 Tau
d have 𝑀 ≲ 100𝑀⊕, so we take this as a conservative upper limit on the mass of
planet d. On the low-mass end, previous studies of the V1298 system (David, Cody,
et al., 2019; David, Petigura, et al., 2019) have suggested that these planets may have
masses closer to those of the sub-Neptune population observed by Kepler (i.e., 1-10
𝑀⊕). This idea is supported by the current ensemble of TTV measurements for this
system, which appear to favor 𝑀d < 10𝑀⊕ (Livingston et al. in prep.). For masses
below 10 𝑀⊕, the radius at which isothermal Parker wind becomes supersonic (as-
suming our standard range of thermospheric temperatures and the high ionization
state of the atmosphere caused by the strong XUV flux of the host star) falls below
the nominal radius of the planet. Since we do not consider our model assumption to
be applicable in the low-mass part of the parameter space, we restrict our analysis
to planet masses above 20 𝑀⊕. We therefore use a 20 𝑀⊕ model as our lowest mass
case, and present the results in Figure 4.4.

Perhaps unsurprisingly, we find that there are a wide range of mass-loss rates that
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are consistent with our observations. For the nominal input spectrum, we can place
a lower limit of 𝑀/ ¤𝑀 ≈ 24 Gyr (3𝜎) on the atmospheric lifetime for the hottest 20
𝑀⊕ model. At a fixed thermosphere temperature, as the assumed mass increases
the maximum mass-loss rate consistent with the data decreases, leading to even
longer atmospheric lifetimes. This suggests that the atmosphere of V1298 Tau d
should be stable against catastrophic mass loss if the planetary mass is indeed 20
𝑀⊕ or larger. We can also estimate the threshold for catastrophic mass loss, here
defined as 𝑀/ ¤𝑀 ≲ 1 Gyr, by assuming the largest mass-loss rate consistent with our
observations still holds for 𝑀d < 20𝑀⊕. This approach suggests that the envelope
can be fully removed if 𝑀d ≲ (1011.2 g/s) (1 Gyr) ≈ 𝑀⊕. In reality, the crossover
to catastrophic escape will happen at a larger mass as the mass-loss rate should be
even larger for 𝑀d < 20𝑀⊕, but because we cannot model these cases with the 1D
Parker wind methodology, we default to this conservative approximation.

4.4 Conclusions
In this work, we searched for metastable helium in the atmospheres of V1298 Tau
b, c, and d. We first characterized the stellar helium line using high-resolution
spectra from HET/HPF. We found that the helium line is relatively stable on hourly
timescales in quiescent conditions, but can be highly variable timescales of days
to months. We observed an appreciable increase in the helium equivalent width of
spectra gathered during a transit of planet c, in the decay phase of a flare that was
simultaneously observed photometrically with APO/ARCTIC. We concluded that
this increase was most likely due to an increased population of metastable helium
in the stellar chromosphere. We used diffuser-assisted narrowband photometry to
measure light curves of V1298 Tau in a bandbass centered on the 1083 nm helium
feature on four nights. We did not detect the transit of V1298 Tau c, and we
modeled the transit of V1298 Tau b without needing an extended atmosphere. We
found tentative evidence for planetary helium absorption in V1298 Tau d (3.6𝜎
significance), but the best-fit model required a relatively large transit-timing offset
between the two transit epochs.

V1298 Tau is the only known young transiting system near a resonant chain, mak-
ing it an important target for young planet studies. Ongoing TTV studies should
eventually allow us to obtain well-constrained mass measurements (Livingston et al.
in prep), therefore circumventing the difficulties of obtaining precise radial velocity
measurements for this young, active star. TESS will observe V1298 Tau from 2021
September to 2021 November, significantly expanding the TTV baseline and provid-
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ing improved dynamical constraints on the planet masses. These new observations
will also help to reduce the growing uncertainty in the planetary ephemerides, which
will be crucial for scheduling future ground-based transit observations. We expect
that in the coming years, additional helium transit observations will be able to clarify
the planetary origin of the tentative signal we report here. Ideally these observa-
tions should be obtained with long baselines and at geocentric velocities where the
stellar helium line and the telluric water features do not overlap. High resolution
coverage of the metastable helium feature would also make it easier to disentangle
the time-varying planetary, stellar, and telluric signals.

If the excess absorption signal from V1298 d can be confirmed at high signal-to-
noise and combined with a well-constrained TTV mass measurement, our estimate
of the planet’s absolute mass loss rate will be limited by our knowledge of the
star’s high energy spectrum. Poppenhaeger, Ketzer, and Mallonn (2021) measured
V1298 Tau’s X-ray spectrum between 0.1 keV and 2 keV, but the photoionization
physics for metastable helium is governed primarily by mid-UV and EUV flux near
the ionization thresholds of the metastable and ground states, respectively (Antonija
Oklopčić and Hirata, 2018; Antonija Oklopčić, 2019). One way of reconstructing
the EUV spectrum is the differential emission measure technique, which relies on
measurements of stellar emission lines in the FUV (Duvvuri et al., 2021). Although
it would be challenging to detect these lines in V1298 Tau’s spectrum, as this star
is located at a distance of 108.5 pc, they may be observable with the Hubble Space
Telescope.

Constraining mass-loss rates in a young, well-characterized multi-planet system
remains an important goal. These measurements can help differentiate between the
recombination-limited, energy-limited, and photon-limited regimes for mass loss
at early times, which would have crucial implications for the outflow efficiencies
(Lampón et al., 2021). In turn, this would allow us to benchmark population-
level mass-loss models, like those used to infer core masses and compositions
of the Kepler planets (Rogers and Owen, 2021). As the precision of mass-loss
measurements improve for younger planets, V1298 Tau will be a keystone system
for understanding and characterizing this crucial process when it is most important
for planetary evolution.
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C h a p t e r 5

THE MAXIMUM MASS-LOSS EFFICIENCY FOR A
PHOTOIONIZATION-DRIVEN ISOTHERMAL PARKER WIND

Vissapragada, Shreyas et al. (Mar. 2022). “The Maximum Mass-loss Efficiency for
a Photoionization-driven Isothermal Parker Wind”. In: ApJ 927.1, 96, p. 96. doi:
10.3847/1538-4357/ac4e8a. arXiv: 2201.09889 [astro-ph.EP].

5.1 Introduction
A majority of the extrasolar planets discovered by transit surveys orbit close to their
host stars and are subjected to intense irradiation. The incident flux received by
these planets can remove their atmospheres if the heating is large compared to the
planet’s gravitational potential. Indeed, we see evidence for atmospheric escape in
the radius-period distribution of close-in planets (the ‘evaporation valley’) observed
by Kepler and K2 (Fulton, Petigura, et al., 2017; Fulton and Petigura, 2018; Van
Eylen et al., 2018; Hardegree-Ullman et al., 2020). We can quantify the present-day
mass loss rates of the most favorable transiting planets by measuring the amount of
absorption during the transit in spectral lines where outflowing material becomes
opaque. To date, atmospheric outflows have been detected using Lyman-𝛼 (e.g.
Vidal-Madjar, Lecavelier des Etangs, et al., 2003), H𝛼 (e.g. F. Yan and Henning,
2018), metal lines (e.g. Vidal-Madjar, Désert, et al., 2004), and metastable helium
(e.g. Spake, Sing, et al., 2018).

The upper atmospheres of planets are engines that turn light into heat. This heating
drives hydrodynamic escape by lifting material out of the planet’s gravitational
potential well. We can use this concept to calculate an “energy-limited” mass loss
rate, as first done (albeit in the context of highly conductive atmospheres) by Watson,
Donahue, and Walker (1981):

¤𝑀 =
𝜀𝜋𝑅2

XUV𝐹XUV

𝐾𝐺𝑀p/𝑅p
. (5.1)

The numerator of this equation is an estimate for the heating rate of the planet
(in erg s−1), where the stellar high-energy flux 𝐹XUV (in erg s−1 cm−2) impinges
on a cross-sectional area 𝜋𝑅2

XUV of the planet, heating it with efficiency 𝜀. The
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denominator is the gravitational potential (in erg g−1), with a correction factor 𝐾 to
account for the fact that atoms need only be lifted past the Roche lobe to escape the
planet (Erkaev et al., 2007):

𝐾 = 1 − 3
2

( 𝑅p

𝑅Roche

)
+ 1

2

( 𝑅p

𝑅Roche

)3
. (5.2)

For small planet-to-star mass ratios, the Roche radius can be written as:

𝑅roche ≈ 𝑎
( 𝑀p

3𝑀★

)1/3
. (5.3)

The limitations of this formalism are well-documented (e.g. Murray-Clay, Chi-
ang, and Murray, 2009; Salz, Schneider, et al., 2016; Salz, Czesla, Schneider, and
Schmitt, 2016; Kubyshkina et al., 2018; Owen, 2019; Krenn et al., 2021). Detailed
hydrodynamical models show that the efficiency 𝜀 depends strongly on a number
of factors, including the planetary mass, radius, atmospheric composition, assumed
heating processes, and stellar spectrum (Owen and Jackson, 2012; Shematovich,
Ionov, and Lammer, 2014). Despite these drawbacks, this equation offers a conve-
nient way to predict mass loss without expensive computational modeling, and it has
been used extensively to model the Kepler evaporation valley (Lopez and Fortney,
2013; Owen and Wu, 2013; Owen and Wu, 2017).

The energy-limited framework has also recently been used to interpret measurements
of metastable helium absorption from close-in transiting gas giant planets (Lampón,
López-Puertas, Sanz-Forcada, et al., 2021; Lampón, López-Puertas, Czesla, et al.,
2021). Helium observations are typically modeled using an isothermal Parker wind
(parameterized by an assumed outflow temperature𝑇0 and mass-loss rate ¤𝑀) coupled
to a set of photoionization equations that can be solved for the He level populations
as a function of altitude (Antonija Oklopčić and Hirata, 2018). The photoionized
Parker wind model is faster to compute than expensive self-consistent 3D simulations
(Wang and Dai, 2021a; Wang and Dai, 2021b), making it easier to map out the
parameter spaces that fit measurements (and non-detections) of absorption in the
metastable helium triplet (Mansfield et al., 2018; Gaidos, T. Hirano, Mann, et al.,
2020; Gaidos, T. Hirano, Wilson, et al., 2020; Teruyuki Hirano et al., 2020; Ninan et
al., 2020; Vissapragada, Knutson, et al., 2020; Krishnamurthy et al., 2021; Paragas
et al., 2021). However, there is a degeneracy between ¤𝑀 and 𝑇0 in the Parker wind
model, which can lead to uncertainties in ¤𝑀 that span multiple orders of magnitude.
This is particularly problematic for lower signal-to-noise and/or spectroscopically
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unresolved observations of helium absorption where the temperature of the outflow
is unconstrained by the data.

In this work, we show that the ¤𝑀 −𝑇0 degeneracy in helium observations can be par-
tially resolved because there is an upper limit to the efficiency of an energy-limited
H/He outflow corresponding to the maximal amount of heating from photoioniza-
tion. In §5.2, we derive an expression for 𝜀max in a lossless isothermal wind, i.e.
a wind in which radiative cooling is negligible. We show that this expression can
be used to define a bounded region in the ¤𝑀 − 𝑇0 plane, beyond which there is not
enough heat to power the outflow. In §5.3 we use this framework to resolve the ¤𝑀−𝑇0

degeneracy in previous modeling of metastable helium absorption from HAT-P-11b,
WASP-69b, and HAT-P-18b. Finally, we offer some concluding thoughts in §5.4.

5.2 The Maximum Mass-Loss Efficiency
We first calculate the maximal outflow efficiency 𝜀 for a lossless isothermal wind,
assuming that the heat source is photoionization of H and He. Then, we use the
maximum efficiency to trace out a critical region on the ¤𝑀 −𝑇0 plane, which can be
used to assess energetic self-consistency. Because constants can always be absorbed
into the efficiency 𝜀, we will make the common arbitrary definition 𝑅XUV ≡ 𝑅p in
Equation (5.1) and absorb the constant (𝑅XUV/𝑅p)2 into 𝜀, admitting the somewhat
awkward possibility that 𝜀 > 1 if 𝑅XUV ≫ 𝑅p. We note that other authors have
proceeded by fixing 𝜀 and calculating 𝑅XUV instead (e.g. Erkaev et al., 2007; Salz,
Czesla, Schneider, and Schmitt, 2016; Kubyshkina et al., 2018). This calculation
could be restructured for 𝑅XUV or the product 𝜀𝑅2

XUV, but we choose to work with
the efficiency term because this is typically the free parameter assumed in planetary
population studies. We also note that varying authors have different definitions of
the “efficiency” term in the context of planetary wind. For example, Shematovich,
Ionov, and Lammer (2014) defines it as the ratio of the local heating rate to the
radiative input (treating the cooling processes separately), which is adopted by
Erkaev et al. (2007) and Kubyshkina et al. (2018), whereas Salz, Schneider, et al.
(2016) includes the cooling rate explicitly. Throughout this work, when we refer to
the “efficiency,” we are referring explicitly to the 𝜀 term in Equation (5.1).

An Upper Limit to the Mass-Loss Efficiency
To compute 𝜀, we begin by writing down the equation for energy balance in the
wind (Lamers and Cassinelli, 1999; Erkaev et al., 2007):
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¤𝑀
(𝐾𝐺𝑀p

𝑅p
+ Δ𝑣2

2
+ 5

2
𝑘Δ𝑇

𝜇𝑚H

)
=

∭
Γnet𝑑𝑉, (5.4)

where ¤𝑀 is the mass-loss rate of the planet, 𝐾 is as defined in Equation (5.2), Δ𝑣
is the difference in outflow velocity between 𝑅p and 𝑅Roche, Δ𝑇 is the difference in
temperature between 𝑅p and 𝑅Roche, and 𝜇 is the mean particle mass of the outflow.
The terms on the left-hand side correspond to the difference in gravitational potential
energy, kinetic energy, and enthalpy (for a monatomic outflow) between the planetary
radius and the Roche lobe. On the right-hand side is the integrated net heating rate
per unit volume, with Γnet = Γ−Λ (where Γ and Λ are the heating and cooling rates,
respectively) in erg s−1 cm−3.

In this work we only consider isothermal winds where Δ𝑇 = 0 and assume that
the kinetic energy term is small. In the Parker wind model, material is accelerated
to velocities on the order of the sound speed at the Roche lobe. This means that
Δ𝑣 ∼ 106 cm s−1 (e.g. Murray-Clay, Chiang, and Murray, 2009; Antonija Oklopčić
and Hirata, 2018) and (Δ𝑣)2/2 ∼ 5× 1011 erg/g, whereas the gravitational potential
term is ≳ 1012 erg/g for all of the planets considered in this work. These are the
same assumptions made by Erkaev et al. (2007) to reproduce the energy-limited
mass loss expression from Watson, Donahue, and Walker (1981) in Equation (5.1).

With these assumptions, and using Equation (5.1) to substitute for the gravitational
potential term, we have:

𝜀𝜋𝑅2
p𝐹XUV =

∭
(Γ − Λ)𝑑𝑉, (5.5)

This simply reflects our assumption that the numerator of Equation (5.1) is a proxy
for the total heating experienced by the planet. We then calculate 𝜀 for an atmosphere
where radiative losses are negligible; that is, one where all heating goes into driving
the outflow and Λ ≪ Γ. This corresponds to:

𝜀max𝜋𝑅
2
p𝐹XUV =

∭
𝐻

Γ𝑑𝑉, (5.6)

where 𝜀max is the maximum mass-loss efficiency and 𝐻 denotes the dayside hemi-
sphere where the heating occurs. If we assume that all heating comes from pho-
toionization, we can write the total heating rate as a sum of heating rates for each
photoprocess of interest (e.g. Osterbrock and Ferland, 2006):
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Γ =
∑︁
𝑖

Γ𝑖 (5.7)

=
∑︁
𝑖

𝑛𝑖,𝑟

∫ ∞

min(𝜈𝑖)
(ℎ𝜈 − ℎ𝜈𝑖)

× 𝐹𝜈 cos(𝜃) exp(−𝜏𝜈,𝑟)
ℎ𝜈

𝜎𝜈,𝑖𝑑𝜈. (5.8)

In this equation, ℎ𝜈 denotes the photon energy. The subscript 𝑖 denotes different
photoproceses (for instance, hydrogen photoionization), the subscript 𝜈 denotes a
quantity that varies with frequency, and the subscript 𝑟 denotes one that varies with
radius. The number density profile of the species being photoionized is 𝑛𝑖,𝑟 , the ion-
ization threshold for the process is ℎ𝜈𝑖, and ℎ𝜈−ℎ𝜈𝑖 is the maximum yield per photo-
process. For example, a photon with energy ℎ𝜈 = 20 eV yields 6.4 eV when ionizing
a hydrogen atom out of its ground state (ℎ𝜈H = 13.6 eV). 𝐹𝜈 cos(𝜃) exp(−𝜏𝜈,𝑟) is the
spectrum of radiation reaching radius 𝑟 from the center of the planet and latitude
𝜃 with respect to the substellar point in erg s−1 cm−2 Hz−1. Finally, 𝜎𝜈,𝑖 is the
frequency-dependent cross-section for photoprocess 𝑖. The frequency integral is
taken from the minimum photoionization threshold over all relevant photoprocesses
min(𝜈𝑖) to allow for a consistent definition of 𝐹XUV.

The optical depth term is defined as:

𝜏𝜈,𝑟 =
∑︁
𝑖

𝜎𝑖,𝜈

∫ ∞

𝑟

𝑛𝑖,𝑟𝑑𝑟. (5.9)

This definition implictly assumes that the optical depth reaches a large value at 𝑅p.
For high-energy photons where the photoionization cross-sections are small this
condition may not always be satisfied, implying that photons can freely reach this
depth. However, these photons cannot pass through the planet, and their energy must
be deposited somewhere. We assume that they participate in the energy balance of
the lower atmosphere at 𝑅 ∼ 𝑅p, and that they do not heat the outflow.

We collect the photon energy terms into a normalized yield term 𝜂𝜈:

𝜂𝜈 =
ℎ𝜈 − ℎ𝜈𝑖
ℎ𝜈

= 1 − 𝜈𝑖

𝜈
. (5.10)

In reality, this is an upper limit on the yield. We have assumed that the photoelectrons
resulting from ionization transform all of their energy into heat, but they can also
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excite or ionize other atoms (Murray-Clay, Chiang, and Murray, 2009; Shematovich,
Ionov, and Lammer, 2014). By neglecting these minor energy deposition channels,
we obtain a slightly more generous upper limit than we would otherwise. With the
yield term now defined, we can write the total heating rate as:

Γ =
∑︁
𝑖

𝑛𝑖,𝑟

∫ ∞

min(𝜈𝑖)
𝜂𝜈𝐹𝜈 cos(𝜃) exp(−𝜏𝜈,𝑟)𝜎𝜈,𝑖𝑑𝜈. (5.11)

We integrate this equation over the dayside hemisphere (for the geometry of the
integral see e.g. Chapter 2 of Seager, 2010):

∭
𝐻

Γ𝑑𝑉 =

∫ 2𝜋

0

∫ 𝜋/2

0

∫ 𝑅Roche

𝑅p

Γ𝑟2 sin 𝜃𝑑𝑟𝑑𝜃𝑑𝜙 (5.12)

= 𝜋

∫ 𝑅Roche

𝑅p

𝑟2
∑︁
𝑖

𝑛𝑖,𝑟

×
∫ ∞

min(𝜈𝑖)
𝜂𝜈𝐹𝜈 exp(−𝜏𝜈,𝑟)𝜎𝜈,𝑖𝑑𝜈𝑑𝑟. (5.13)

We then substitute Equation (5.13) into Equation (5.6), where the factors of 𝜋 cancel.
Noting that 𝐹XUV can be written as:

𝐹XUV =

∫ ∞

min(𝜈𝑖)
𝐹𝜈𝑑𝜈, (5.14)

we arrive at:

𝜀max =
1
𝑅2

p

∫ 𝑅Roche

𝑅p

𝑟2

×
∑︁
𝑖

𝑛𝑖,𝑟

∫ ∞
min(𝜈𝑖)

𝜂𝜈𝐹𝜈 exp(−𝜏𝜈,𝑟)𝜎𝜈,𝑖𝑑𝜈∫ ∞
min(𝜈𝑖)

𝐹𝜈𝑑𝜈
𝑑𝑟. (5.15)

Heating Cross-Sections
We can define the ratio of frequency integrals in Equation (5.15) as a cross section
weighted by the stellar spectrum and heating efficiency for photoprocess 𝑖. We call
this the “heating cross-section”, and note that the optical depth dependence causes
it to vary with radius:
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�̄�𝑖,𝑟 =

∫ ∞
min(𝜈𝑖)

𝜂𝜈𝐹𝜈 exp (−𝜏𝜈,𝑟)𝜎𝜈,𝑖𝑑𝜈∫ ∞
min(𝜈𝑖)

𝐹𝜈𝑑𝜈
(5.16)

To calculate this heating cross-section, we require a stellar spectrum and a frequency-
dependent cross-section for each photoprocess. For the spectrum, we use the v2.2
panchromatic SEDs at 1 Å binning from the MUSCLES survey (France et al., 2016;
Loyd et al., 2016; Youngblood et al., 2016). For the hydrogen photoionization
cross-section, we use (e.g. Osterbrock and Ferland, 2006):

𝜎𝑖 (𝜈) = 𝜎𝜈𝑖
exp

(
4 − 4 tan−1 𝜖

𝜖

)
1 − exp (−2𝜋/𝜖)

( 𝜈𝑖
𝜈

)4
,

𝜈 > 𝜈𝑖, (5.17)

where 𝜖 = 𝜈/𝜈i − 1. The threshold energy for neutral hydrogen photoionization is
ℎ𝜈H = 13.6 eV, and the cross-section at this threshold is 𝜎𝜈H = 6.3×10−18 cm−2. We
also consider heat generated by the photoionization of ionized helium, a relatively
minor process. The cross section for this hydrogen-like species is also given by
Equation (5.17), but the threshold energy is ℎ𝜈He+ = 𝑍2ℎ𝜈H = 54.4 eV, and the
cross-section at this threshold is 𝜎𝜈He+ = 𝜎𝜈H/𝑍2 = 1.6 × 10−18 cm−2. For the
neutral helium photoionization cross-section, we use (M. Yan, Sadeghpour, and
Dalgarno, 1998):

𝜎He(𝜈) =
𝜎a

(ℎ𝜈/1 keV)7/2

(
1 +

6∑︁
𝑛=1

𝑎𝑛

(𝜈/𝜈He)𝑛/2

)
,

𝜈 > 𝜈He (5.18)

where the threshold photon energy ℎ𝜈He = 24.6 eV, 𝜎a = 7.33 × 10−22cm2, and the
constants 𝑎𝑛 are from Table 4 of M. Yan, Sadeghpour, and Dalgarno (1998).

With the heating cross-section defined, we can now write the expression for 𝜀max in
a more illustrative form:

𝜀max =
1
𝑅2

p

∫ 𝑅Roche

𝑅𝑝

𝑟2
∑︁
𝑖

𝑛𝑖,𝑟 �̄�𝑖,𝑟𝑑𝑟. (5.19)
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The 𝑛𝜎 terms in the summation, which we will refer to as “heating coefficients”,
can be thought of analogously to absorption coefficients (e.g. Seager, 2010). Thus,
the efficiency of an isothermal wind cannot be greater than the normalized second
moment of its total heating coefficient.

We note that Equation (5.19) gives us a simple way to compare the relative heat-
ing efficiencies of neutral hydrogen and helium. These processes will be similarly
important for heating the atmosphere when the heating coefficients are comparable:
𝑛H�̄�H ∼ 𝑛He�̄�He. In the high-energy limit, the cross-section for neutral helium
photoionization is an order of magnitude larger than that for hydrogen photoion-
ization, but there are also fewer helium atoms to ionize. We consider a 90-10
hydrogen-helium atmosphere that is optically thin, i.e. where exp(−𝜏𝜈,𝑟) ∼ 1 in
Equation (5.16). In this case, the heating coefficients depend only on the assumed
stellar spectrum. Stepping through the ensemble of stellar spectra collected by
MUSCLES, we find that the optically-thin heating coefficient for helium ranges
from 20% (for 𝜖 Eri) to 67% (for GJ 1214) that of hydrogen. For a stellar spectrum
similar to the M stars in the MUSCLES sample, helium photoionization can be a
large (though still sub-dominant) heat source; pure-hydrogen escape models that
have been developed for planets orbiting earlier stars may therefore underestimate
the total thermospheric energy budget for planets orbiting M stars. K stars in this
sample output relatively more flux near the hydrogen photoionzation threshold, so
helium photoionization is a smaller heat source for planets orbiting K stars. These
relative efficiencies are similar to those obtained from more detailed computational
modeling (Salz, Czesla, Schneider, and Schmitt, 2016). These calculations are
only meant to be illustrative; in general, the optical depth term exp(−𝜏𝜈,𝑟) can be
important, and the heating coefficients change substantially with radius.

Energetic Self-Consistency
We next consider the implications of this upper limit on the mass loss efficiency
for a photoionized isothermal Parker wind model, which parameterizes the density
structure at the substellar point 𝑛𝑖,𝑟 in terms of a mass-loss rate ¤𝑀 and the outflow
temperature 𝑇0. For helium studies, the Parker wind is typically taken to be one-
dimensional, but this greatly overestimates the work done. The wind is strongest at
the substellar point because the irradiation is strongest there, but decreases in strength
towards the terminator due to the diminished incident flux, and no wind is launched
on the planetary nightside as the atmosphere is not irradiated there. This can be
accounted for as follows: the planet is heated over only 𝜋 steradians (Equation 5.13),
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so the outflow is driven only over 𝜋 steradians on the planetary dayside and the work
done is decreased by a factor of 1/4 compared to a 1D isotropically-irradiated outflow
(Stone and Proga, 2009; Salz, Schneider, et al., 2016).

Because the density distributions are functions of ¤𝑀 and 𝑇0 in this model, the
energy-limited efficiency is itself a function of these parameters, and the mass-loss
rate must satisfy:

¤𝑀
4

≤
𝜀max( ¤𝑀,𝑇0)𝜋𝑅3

p𝐹XUV

𝐾𝐺𝑀p
, (5.20)

where the factor of 1/4 comes from the aforementioned 3D outflow geometry. Had
we derived 𝜀max assuming an isotropically-irradiated 1D outflow without this geo-
metric factor, then we would be integrating over the entire planet in Equation (5.12),
picking up a factor of 4 (the angular part of the integral would evaluate to 4𝜋 rather
than 𝜋). Thus, the constraint on ¤𝑀 would remain the same.

This inequality defines an allowed region on the ¤𝑀 − 𝑇0 plane. The problem is
fundamentally one of energetic self-consistency: if we assume a mass-loss rate and
thermosphere temperature, do the resulting density profiles allow enough heating
to power the assumed mass-loss rate? For solutions outside the allowed region, the
answer is no: they are not permitted unless there is some additional source of heat.
Solutions on the boundary are exactly energy-limited; that is, they generate exactly
enough heat to power their outflow. Solutions inside the boundary generate excess
heat, which can always be balanced by additional cooling. If the cooling rate is
known precisely, Equation (5.20) traces out a curve rather than an allowed region.
We briefly consider this case in Appendix 5.5.

Regime of Validity
We note that our calculation is valid only for gas giant planets with H/He-rich
envelopes and lower gravitational potentials experiencing (approximately) radially
symmetric outflows. Detailed numerical simulations indicate that planets with grav-
itational potentials Φp ≳ 1013.1 erg g−1 exhibit strong temperature gradients, and
cooling through Lyman-𝛼 and free-free emission becomes important (Salz, Schnei-
der, et al., 2016; Salz, Czesla, Schneider, and Schmitt, 2016). We have focused on
isothermal, lossless outflows, so our model is therefore better suited to modeling
lower gravity planets. High-gravity planets will still be governed by energy balance,
but the isothermal Parker wind will not correctly describe the density distribu-
tions. We also note that H/He-rich Parker winds have been inadequate in predicting
metastable helium signatures for sub-Neptunes thus far, which may indicate these
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planets differ substantially in composition from the pure H/He atmosphere assumed
here (Kasper et al., 2020; Krishnamurthy et al., 2021). Therefore, we do not rec-
ommend using this methodology for planets with 𝑅p ≲ 4𝑅⊕. These criteria are
satisfied for ∼ 30% of the ∼1000 transiting exoplanets with measured masses and
radii on the NASA Exoplanet Archive.

Our model additionally assumes an idealized geometry for the wind, and will be
less accurate for outflows deviating from the assumed geometry. There are several
factors that contribute to such deviations. Interactions between the planetary and
stellar winds can sculpt the outflow into a comet-like tail (McCann et al., 2019;
Wang and Dai, 2021b; MacLeod and Antonija Oklopčić, 2021), and we therefore
expect the model to perform worse for planets orbiting young and/or exception-
ally active stars. WASP-107 b orbits a relatively active star and has a strongly
blueshifted helium line profile and strong post-egress absorption (Allart, Bourrier,
Lovis, Ehrenreich, Aceituno, et al., 2019; Kirk et al., 2020; Spake, A. Oklopčić, and
Hillenbrand, 2021), both signs of an asymmetric outflow. There were initially hints
of a similar tail for WASP-69b (Nortmann et al., 2018). However, subsequent obser-
vations and modeling both indicate that this planet’s outflow is relatively symmetric
(Vissapragada, Jontof-Hutter, et al., 2020; Wang and Dai, 2021a). Simulations and
observations of the transiting planet HD 63433c, which orbits a 440 Myr old star,
indicate that it also has a comet-like tail (Zhang et al., 2021), and simulations of the
young planet AU Mic b suggest the strong stellar wind should shape its outflow as
well (Carolan et al., 2020), though helium has not yet been conclusively detected in
its atmosphere (Teruyuki Hirano et al., 2020).

Magnetically-controlled outflows are also expected to deviate from the idealized
geometry in this work. Outflowing material near equatorial latitudes follow closed
magnetic field lines falling back onto the planet, whereas material near the poles
may escape (Adams, 2011; Trammell, Arras, and Li, 2011; Owen and Adams,
2014; Trammell, Li, and Arras, 2014). However, it is presently unclear to what
extent magnetic fields may affect metastable helium observations, which have thus
far been well-fit by models without magnetic fields. This may be because the
planetary outflows are dominated by ram pressure rather than magnetic pressure
within the metastable helium photosphere (Zhang et al., 2021).
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5.3 Application to Metastable Helium Observations
To show how the constraints from our energy-limited model may be used in practice,
we consider published observations of metastable helium absorption from HAT-P-
11b, WASP-69b, and HAT-P-18b. These three planets have all been observed using
narrowband photometry or low-resolution spectroscopy, which provide minimal
information about the line shape. This means that when an isothermal Parker wind
model is used to fit the measured absorption signal, there is a large degeneracy
between the mass-loss rate and the assumed outflow temperature. This degeneracy
can be broken with line-shape measurements of sufficiently high precision, which
independently constrain the outflow temperature (e.g. Dos Santos et al., 2021).
However, the line shape can also vary when the absorbing region is not optically
thin (Salz, Czesla, Schneider, Nagel, et al., 2018), and when the outflow itself
kinematically broadens the line (Allart, Bourrier, Lovis, Ehrenreich, Aceituno, et
al., 2019; Wang and Dai, 2021b; Seidel et al., 2021). This means that line shape
alone is an imperfect proxy for outflow temperature. Even if this was not the case,
the signal-to-noise ratio of the measured line profile is often too low to provide a
useful constraint on the outflow temperature (Lampón, López-Puertas, Lara, et al.,
2020; Lampón, López-Puertas, Sanz-Forcada, et al., 2021).

In this section, we show that we can use the energy-limited framework to place an
upper bound on the temperatures of these outflows, resulting in tighter constraints
on the retrieved mass-loss rates from the Parker wind model. For each of the
three planets considered here, we used the p-winds code (e.g. Dos Santos et al.,
2021) to calculate isothermal Parker wind models and compared those models to the
observed metastable helium signal. p-winds is an open-source implementation of
the model described by Antonija Oklopčić and Hirata (2018) and Lampón, López-
Puertas, Lara, et al. (2020). We evaluated these models over a grid defined by ¤𝑀 =

109−1012 g s−1 and𝑇0 = 5000−15000 K. The temperature grid roughly corresponds
to the range of temperatures seen in self-consistent simulations (Salz, Schneider,
et al., 2016; Wang and Dai, 2021a; Wang and Dai, 2021b). At each point on our
grid, we computed the outflow density structure (for a 90/10 H/He composition)
and calculated the corresponding ionization structure and level populations with
p-winds. In these calculations, we noticed that the approximation for the hydrogen
photoionization rate in Equation (9) of Antonija Oklopčić and Hirata (2018) tended
to over-predict the rate close to the ionization front, which is consequential for the
modeled mass-loss efficiency. We therefore updated the calculation in p-winds to
avoid the approximation. We also note that our number density of ionized helium
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is overestimated because some of the ionized helium will end up populating He2+

in steady-state, which p-winds does not account for. By ignoring this minor (e.g.
Salz, Schneider, et al., 2016) sink, we obtain a slightly larger 𝜀max than we otherwise
would.

We then used the framework from §5.2 to calculate the self-consistent ¤𝑀 − 𝑇0

region for each planet. At each ( ¤𝑀,𝑇0) wind on the grid, we integrated the density
distributions of H and He to obtain column densities, from which we computed the
total optical depth as a function of frequency and radius 𝜏𝜈,𝑟 . Using this optical depth,
the cross sections in Equations (5.17) and (5.18), the yield term in Equation (5.10),
and the assumed stellar spectrum, we then calculated the heating cross-sections
using Equation (5.16). Finally, we multiplied by the density distributions to get the
heating coefficients, summed to get the total heating coefficient, and took the second
moment to get the upper limit on the mass-loss efficiency per Equation (5.19). To
assess whether or not a given outflow was self-consistent, we used this 𝜀max to
calculate the maximum mass-loss rate via Equation (5.20). If we found a maximum
mass-loss rate lower than the assumed mass-loss rate, the solution was energetically
inconsistent; otherwise, it was admissible. This procedure has been added in v1.2.4
of the p-winds code.

HAT-P-11b
HAT-P-11b is slightly larger in mass and radius than Neptune (Φp ≈ 3×1012 erg g−1),
and orbits its K4 host star with a period of 5 days (Bakos et al., 2010). Mansfield et al.
(2018) detected helium absorption in the atmosphere of this planet at low resolving
power with HST WFC3/G102, and Allart, Bourrier, Lovis, Ehrenreich, Spake, et
al. (2018) detected a comparable absorption signal at high resolving power with
CARMENES. For this planet, the high signal-to-noise of the line shape measured
by Allart, Bourrier, Lovis, Ehrenreich, Spake, et al. (2018) provides us with an
independent measurement of the outflow temperature. Dos Santos et al. (2021) fitted
the line absorption profile from Allart, Bourrier, Lovis, Ehrenreich, Spake, et al.
(2018) with a Parker wind model using the p-winds code and found that it was best
matched by an outflow with 𝑇0 = 7200±700 K and ¤𝑀 = 2.5+0.8

−0.6 ×1010 g s−1. In this
study we instead fitted the unresolved measurements from Mansfield et al. (2018),
and used our energy-limited framework to help resolve the ¤𝑀 − 𝑇0 degeneracy. We
use the stellar spectrum of HD 40307 for this calculation, which is the same choice
made by Dos Santos et al. (2021).
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Figure 5.1: Mass-loss modeling for the HAT-P-11b observations presented in Mans-
field et al. (2018). The black shading indicates the 𝜎 discrepancy between the
mass-loss model in each grid cell and the metastable helium observation. The red
shading indicates the self-consistent region from Equation (5.20) using the scaled
spectrum of HD 40307, and the boundary for a perfectly energy-limited outflow
assuming this spectrum is given with the dashed red line. The solid and dotted red
lines give the boundary of the self-consistent regions for HD 85512 and 𝜖 Eridani,
respectively. The blue point additionally indicates the 1𝜎 range from the Dos Santos
et al. (2021) retrieval on the Allart, Bourrier, Lovis, Ehrenreich, Spake, et al. (2018)
high-resolution spectrum.

We show the resulting constraints on the outflow rate and temperature in Figure 5.1,
and compare these constraints to the result from Dos Santos et al. (2021). We find
that some of the previously reported Parker wind solutions with high temperatures
and high mass-loss rates are in fact energetically inconsistent; i.e. they do not have
enough H and He to power the outflow by photoionization. This allows us to partially
resolve the degeneracy between mass-loss rate and thermosphere temperature: the
outflow must be cooler than ∼ 10, 000 K and relatively weak ( ¤𝑀 ≲ 1011 g s−1). Our
results are in good agreement with Dos Santos et al. (2021), and their retrieved value
matches our energy-limited contour within the 1𝜎 level. We therefore conclude that
this outflow is energy-limited. This is also consistent with the simulations of Salz,
Schneider, et al. (2016), who explicitly modeled radiative cooling in HAT-P-11b’s
outflowing atmosphere and found it to be negligible.

We also quantify our sensitivity to the choice of high-energy stellar spectrum by
overplotting the boundary of the self-consistent region calculated using scaled spec-
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tra for HD 85512, which is less energetic in the XUV than the HD 40307 spectrum,
and 𝜖 Eridani which is more energetic in the XUV (see Figure 5.2). To be fully
consistent, we also re-calculated the constraints from the Parker wind models with
the same stellar spectrum. However, we found that this does not substantially change
the range of mass-loss rates and temperatures that are consistent with the metastable
helium data, as the stellar spectra have similar shapes at wavelengths longward of
100 Å. In Figure 5.1, we show that the range of self-consistent solutions is somewhat
larger when we use 𝜖 Eridani as a proxy for the star’s high energy spectrum, and
smaller when we use HD 85512, reflecting the differences in XUV luminosities
for these stars. A larger XUV intensity tends to increase ionization throughout the
outflow (though this is also somewhat dependent on the spectral shape, see e.g. Guo
and Ben-Jaffel, 2016), leading to lower neutral densities, and thus smaller values of
𝜀max per Equation (5.19). However, this effect is sub-linear and does not compensate
for the linear dependence on 𝐹XUV in the expression for the maximum mass-loss
rate in Equation (5.20), so larger XUV luminosities lead to larger self-consistent
regions.
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Figure 5.2: High-energy stellar spectra considered for HAT-P-11. All spectra have
been scaled to the location of HAT-P-11b. Note that the Salz, Schneider, et al.
(2016) spectrum is binned differently than the three MUSCLES spectra.

We can use the Salz, Schneider, et al. (2016) simulation to explore the validity
of the Parker wind model for this planet, as their model self-consistently predicts
the temperature and density profiles at the substellar point. Their model suggests
a mass-loss rate at the sub-stellar point of 1010.89 g s−1, which they divide by 4
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to correct for the non-uniform radiation (as we do in Equation 5.20) for a final
mass-loss rate of ¤𝑀sim = 1010.29 g s−1. As we are comparing density profiles at the
substellar point we selected isothermal Parker wind models with ¤𝑀 = 1010.89 g s−1

and 𝑇0 ranging from 5000 K to 10000 K in 1000 K steps. For the photoionization
calculation we used the spectrum of HD 40307, which is closest to the spectrum
used by Salz, Schneider, et al. (2016). In Figure 5.3, we plot the total number
density of hydrogen and the number density of neutral hydrogen from our models
and compare it to the self-consistent simulations.

Throughout most of the outflow, the total hydrogen number densities agree quite
well between the two models. They differ by orders of magnitude in total density
near 𝑅 = 𝑅p, but this is expected. The Parker wind model is a poor approximation
for the lower atmosphere, but this region has a negligible effect on the predicted
outflow. The high number density of hydrogen close to the planet leads to a very
large optical depth near 𝑅p so it does not contribute much to the heating budget in
either model. Our model appears to give somewhat smaller number densities for
neutral hydrogen near the Roche radius. This likely arises from our use of a K star
spectrum from MUSCLES, whereas Salz, Schneider, et al. (2016) used an inactive
solar spectrum to reconstruct the shape of the spectrum in the EUV (see Figure 5.2).
The discrepancy grows to about a factor of 2 at the Roche radius, but the densities
here are small. Overall, the agreement between the two models is reasonable given
the difference in methodology, and both models agree with the retrieval from Dos
Santos et al. (2021) for HAT-P-11b.

WASP-69b
WASP-69b is a Neptune-mass, Jupiter-sized planet (Φp ≈ 4 × 1012 erg g−1) in a
4 day orbit around a K5 host star (Anderson et al., 2014). The low density and large
scale height of this planet, combined with the host star’s favorable ratio of EUV
to XUV flux (Antonija Oklopčić, 2019), made it an ideal target for initial studies
of mass loss with the metastable helium line. The helium absorption signal for
this planet has been measured both spectroscopically (Nortmann et al., 2018) and
photometrically (Vissapragada, Jontof-Hutter, et al., 2020). In the latter work, we
attempted to infer the mass-loss rate of WASP-69b using the Parker wind model
from Antonija Oklopčić and Hirata (2018), and were able to place joint constraints
on its mass-loss rate and thermosphere temperature.

In Figure 5.4, we show the energetically self-consistency region and compare it to
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Figure 5.3: Total number density of hydrogen (top) and number density of neutral
hydrogen (bottom) for HAT-P-11b at the substellar point. Profiles from the Salz,
Schneider, et al. (2016) simulation are shown in blue, and our photoionized Parker
wind model in red, with darker colors corresponding to higher temperatures.

the set of Parker wind models that match the metastable helium absorption reported
in Vissapragada, Jontof-Hutter, et al. (2020), using the stellar spectrum of HD 85512
as we did in that work. We find that the outflow must be cooler than 14,000 K and
relatively weak ( ¤𝑀 ≲ 1011.5 g s−1). WASP-69b was also modeled self-consistently
by Wang and Dai (2021a), who used a more sophisticated 3D approach coupling
hydrodynamics and thermochemistry. These authors found that the data were best-
matched by models with ¤𝑀 ∼ 1011 g s−1, in agreement with our upper limit. The
Wang and Dai (2021a) model also achieves a maximum temperature in the substellar
direction of ∼ 104 K, so (similarly to Lampón, López-Puertas, Lara, et al., 2020) we
find that the isothermal Parker wind model agrees best with non-isothermal models
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Figure 5.4: Same as Figure 5.1, but for the WASP-69b observations presented in
Vissapragada, Jontof-Hutter, et al. (2020).

near the maximum temperature.

HAT-P-18b
HAT-P-18b is a Jupiter-sized, Saturn-mass planet (Φp ≈ 4 × 1012 erg g−1) orbiting
a K2 dwarf with a period of 5.5 days (Hartman et al., 2011). In Paragas et al., 2021,
we used narrowband photometry to detect helium absorption from an outflowing
atmosphere with a significance of 4𝜎. In Figure 5.5, we fit the measurement
from that work using our Parker wind model and compare the resulting contour
to the energetically self-consistent region. For the XUV spectrum, we used the
MUSCLES spectrum of the young K2 dwarf 𝜖 Eridani. Though HAT-P-18b is
rather old 12.4+4.4

−6.4 Gyr (Hartman et al., 2011), it is quite active (log(𝑅′
HK) = −4.73;

H. Isaacson priv. comm.), so 𝜖 Eridani (log(𝑅′
HK) = −4.51; Wright et al., 2004) is

a reasonable choice of XUV proxy from the MUSCLES catalog.

For this planet, we could not limit the allowed mass-loss rate using energetics alone.
The majority of models consistent with the helium data are also self-consistent. This
is because the host star outputs a large XUV flux; as we discussed in Section 5.3, this
tends to increase the number of self-consistent solutions with large mass-loss rates.
More precise constraints on the mass-loss rate in this system will require precise
line shape constraints from spectroscopic follow-up. The faintness (J = 10.8) of
this system makes spectroscopic follow-up with CARMENES difficult, as its J
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magnitude is larger than the recommended magnitude limit for this instrument1, so
line-shape measurements will require time on larger facilities like Keck-II/NIRSPEC
(e.g. Kirk et al., 2020; Spake, A. Oklopčić, and Hillenbrand, 2021).
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Figure 5.5: Same as Figure 5.1, but for the HAT-P-18b observations presented in
Paragas et al. (2021).

5.4 Discussion and Conclusions
The isothermal Parker wind model is commonly used to interpret observations of
metastable helium, with the ultimate goal of obtaining precise mass-loss rates for
planets with observed helium absorption. However, there is a degeneracy between
the outflow temperature and mass-loss rate in these models. The temperature can be
constrained with spectroscopically-resolved observations at high SNR, but remains
a large source of uncertainty when fitting unresolved measurements and/or those at
a lower SNR. We partially resolved this degeneracy by determining the maximum
mass-loss efficiency of an isothermal wind driven by photoionization. We found
that the efficiency is limited by a quantity we call the heating coefficient, which is
the product of the number density and a weighted photoionization cross section, as
described by Equation (5.19). We leveraged this constraint to show that a subset
of the isothermal Parker wind models that agree with observations do not generate
enough heat to remain energetically self-consistent. Outflows that generate just
enough heat to remain self-consistent are exactly energy-limited, with the numerical

1https://carmenes.caha.es/ext/instrument/index.html
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value of the efficiency term depending on the assumed mass-loss rate, and outflows
that generate excess heat must re-radiate some of their energy.

We re-examined published photometric and low-resolution spectroscopic obser-
vations of mass loss from HAT-P-11b, WASP-69b, and HAT-P-18b, which were
originally fitted with a Parker wind model that allowed for a wide range of outflow
temperatures and mass loss rates. We showed that the outflows from the former
two planets must be relatively weak ( ¤𝑀 ≲ 1011.5 g s−1), but found that energetics
could not further constrain the mass-loss rate for HAT-P-18b. Our results are in
good agreement with more detailed numerical simulations of WASP-69b (Wang and
Dai, 2021a) and HAT-P-11b (Salz, Schneider, et al., 2016), and additionally agree
with complementary constraints on the outflow temperature of HAT-P-11b from line
shape measurements (Allart, Bourrier, Lovis, Ehrenreich, Spake, et al., 2018; Dos
Santos et al., 2021). Furthermore, when line shape information is available (as it
is for seven planets in the literature: HAT-P-11b, HAT-P-32b, WASP-69b, WASP-
107b, HD 189733b, HD 209458b, and GJ 3470b) we can use our methodology to
assess how close an outflow is to the energy limit. In this study, we showed that
HAT-P-11b is experiencing an energy-limited outflow.

Our investigation revealed that the location of the self-consistent region on the
¤𝑀 − 𝑇0 plane can shift in response to changing assumptions. First, as we showed

in Figure 5.1, the extent of this region is sensitive to the assumed stellar spectrum;
whenever possible, the spectra used in this model should be observationally cali-
brated. The models are also sensitive to the details of the photoionization calculation;
any over- or under-estimation of the ionization fraction changes the self-consistent
region. The assumed ratio of hydrogen to helium also matters, because the heating
cross-section for neutral helium can be an order of magnitude larger than that for hy-
drogen for the late-type stars we considered in this work. Finally, the self-consistent
region can move to higher temperatures if there are additional heat sources that
are not included in the model. For instance, core-powered mass-loss (Ginzburg,
Schlichting, and Sari, 2016; Gupta and Schlichting, 2019; Gupta and Schlichting,
2020; Gupta and Schlichting, 2021) could provide additional luminosity on the
right-hand side of Equation (5.6).

In addition to refining the inferred mass-loss rates from metastable helium obser-
vations, our energetics framework also allows us to more generally elucidate the
connection between the mass-loss efficiency in the energy limit and the outflow
photophysics. This can be important when considering other potential heat sources.



141

For example, Howe, Adams, and Meyer (2020) studied the potential heating from
photodissociation of molecular hydrogen and found that it was a sub-dominant out-
flow driver when 𝜀 was fixed to 0.1. Although our framework is imperfect for
considering molecular winds, as there are more sources of heating and cooling
to consider (Glassgold and Najita, 2015; Salz, Schneider, et al., 2016), we can
nonetheless use it to explore what happens when we relax the assumption of fixed
efficiency. The cross-section for molecular hydrogen photodissociation is reso-
nant at the frequencies of Lyman-Werner transitions (e.g. Heays, Bosman, and van
Dishoeck, 2017), causing the gas to self-shield. This means that the optical depth
to dissociating photons will quickly exceed unity in the outer region of the outflow,
greatly reducing the heating rate per Equation 5.15 inside a thin photodissociated
region (Draine and Bertoldi, 1996). We conclude that self-shielding may cause 𝜀 to
be even lower than assumed by Howe, Adams, and Meyer (2020).

Population-level surveys of present-day mass loss are increasingly within reach. As
the body of published helium absorption signals continues to grow, it is important
to develop models that allow us to quickly and uniformly infer mass-loss rates from
a large sample of observations. Our new outflow energetics framework can be used
to enhance the scientific output of these surveys by providing more precise con-
straints on the retrieved mass-loss rates without significant computational expense.
Although this method is currently limited to lower gravity planets, it could be ex-
tended to higher gravities in future studies by using simple prescriptions for the
density structures and cooling rates of non-isothermal outflows. Despite this limita-
tion, our framework can already be used to model helium signals from low-gravity,
H/He-rich planets, like those in and near the Neptune desert. Helium observations
have the potential to provide the first population-level constraints on the predicted
mass-loss rates for these enigmatic planets.

5.5 Appendix: Non-Negligible Cooling
In the recombination limit, cooling becomes important (Murray-Clay, Chiang, and
Murray, 2009; Owen and Alvarez, 2016; Lampón, López-Puertas, Czesla, et al.,
2021), and the approximation we made in Equation (5.6) greatly overpredicts the
efficiency. We can repeat the calculation without making that assumption. When
the cooling rate Λ can be written exactly, the efficiency is:
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Λ𝑟2𝑑𝑟, (5.21)

where the factor of four in the numerator of the cooling term reflects the fact that
the planet can cool through all 4𝜋 steradians. Typically, Lyman-𝛼 is taken to be the
dominant coolant for the outflow, in which case the cooling rate can be written:

Λ = 𝐶

( 𝑛H+,𝑟

cm−3

) ( 𝑛H,𝑟

cm−3

)
exp (−𝑇c/𝑇0), (5.22)

where 𝑛H+,𝑟 is the number density profile of ionized hydrogen, 𝑛H,𝑟 is that of neutral
hydrogen, 𝐶 = 7.5 × 10−19 erg s−1/cm3, and 𝑇𝑐 = 118348 K (Black, 1981; Murray-
Clay, Chiang, and Murray, 2009; Owen and Alvarez, 2016). Rather than tracing out
a permitted region on the ¤𝑀 −𝑇0 plane as in Equation (5.19), Equation (5.21) traces
out a single curve of allowed solutions because the cooling is specified exactly.
There are, however, many other cooling processes to consider even in a H/He gas
including helium line emission, hydrogen and helium recombination cooling, and
free-free emission (Black, 1981; Salz, Schneider, et al., 2016). Additionally, our
fundamental assumption of an isothermal wind is more readily violated for planets
in the recombination limit when wind-launching is treated self-consistently (Salz,
Schneider, et al., 2016). For these reasons, our framework is ill-suited to exactly
treat planets with strong cooling, and we default to the upper-limit formulation in
Equation (5.20).
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C h a p t e r 6

THE UPPER EDGE OF THE NEPTUNE DESERT IS STABLE
AGAINST PHOTOEVAPORATION

6.1 Introduction
The transit and radial velocity techniques have revealed masses and radii for thou-
sands of planets spanning a wide range of orbital periods. These surveys indicate
that relatively few sub-Jovian planets reside on close-in orbits. This “Neptune
desert” is a robust feature of the planetary census, which is relatively complete in
this regime (Szabó and Kiss, 2011; Beaugé and Nesvorný, 2013; Lundkvist et al.,
2016). Mazeh, Holczer, and Faigler (2016) defined boundaries for the Neptune
desert by searching for curves that maximize the contrast between regions of the
mass-period plane with and without planets. We plot their definition for the Neptune
desert in Figure 6.1 along with the planetary population observed to date.
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Figure 6.1: Transiting exoplanets with fractional mass uncertainties of less than
30%, with the dashed lines indicating the Neptune desert boundaries from Mazeh,
Holczer, and Faigler (2016). Planets orbiting stars with 4000 K< 𝑇eff < 5400 K
are colored blue, and the seven targets constituting our sample are outlined with red
stars. The point opacity scales inversely with the stellar 𝐽 magnitude.

Given its close-in location, it is natural to wonder whether the desert might have
been created by atmospheric mass loss (e.g. Youdin, 2011; Beaugé and Nesvorný,
2013; Kurokawa and Nakamoto, 2014; Ionov, Pavlyuchenkov, and Shematovich,
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2018; Owen and Lai, 2018). Planets with short orbital periods are subjected to in-
tense amounts of high-energy radiation that can drive atmospheric outflows (Owen,
2019). The resulting atmospheric mass-loss rates can be large, especially for planets
orbiting young stars, which emit proportionally more of their energy in high-energy
photons. If close-in gas-giant planets formed in situ (e.g. Batygin, Bodenheimer,
and G. P. Laughlin, 2016) or arrived at their present-day locations relatively early
(∼10 Myr) via disk migration (e.g. Ida and D. N. C. Lin, 2008), they might have expe-
rienced a period of strong photoevaporation (e.g. Murray-Clay, Chiang, and Murray,
2009). Hot Neptunes typically have lower gravitational potentials than their Jovian
counterparts, making them more susceptible to photoevaporation and/or Roche lobe
overflow (Kurokawa and Nakamoto, 2014; Valsecchi et al., 2015; Koskinen et al.,
2022). This means that Jupiters could survive at orbital separations where most
Neptunes would be destroyed.

If this population of close-in giant planets instead arrived at their present loca-
tions relatively late (∼Gyr) via dynamical interactions with other bodies in their
systems (Rasio and Ford, 1996), we would expect photoevaporation to play a rela-
tively minor role in their long-term evolution. In this scenario, planets undergoing
high-eccentricity migration circularized onto orbits with final semimajor axes of
𝑎 ≈ 2𝑟peri, where 𝑟peri is the pericenter distance when the eccentricity 𝑒 ∼ 1.
Neptune-mass planets with small present-day semimajor axes would have had peri-
center passages inside the stellar tidal disruption radius, whereas Jupiter-mass plan-
ets would survive at comparable separations (Ford and Rasio, 2006; Guillochon,
Ramirez-Ruiz, and D. Lin, 2011; Matsakos and Königl, 2016; Owen and Lai, 2018).

Our ability to explain the Neptune desert is thus intimately linked to our under-
standing of the origins of close-in giant planets (Dawson and Johnson, 2018).
Unfortunately, previous studies have found it difficult to differentiate between at-
mospheric escape and high-eccentricity migration as explanations for this feature.
Depending on their assumptions about the energy-limited mass-loss efficiency, stel-
lar X-ray and ultraviolet (XUV) flux, initial star-planet separation, and pressure at
the XUV photobase, some published studies suggest that sub-Jovian planets near
the upper edge of the desert are stable against evaporation, while other suggest that
they experience runaway envelope escape (Kurokawa and Nakamoto, 2014; Ionov,
Pavlyuchenkov, and Shematovich, 2018; Owen and Lai, 2018; Rao et al., 2021).
High-eccentricity migration models also have their own uncertainties, most notably
the assumed tidal quality factor, the initial star-planet separation, and the eccen-
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tricity excitation mechanism (Matsakos and Königl, 2016; Owen and Lai, 2018).
Previous observational studies have used the orbital properties and multiplicity of
hot Jupiter systems to constrain the fraction of hot Jupiters that might have formed
via high-eccentricity migration (e.g. Winn et al., 2010; Knutson, Fulton, et al., 2014;
Dawson, Murray-Clay, and Johnson, 2015; Ngo et al., 2016; Rice, S. Wang, and
G. Laughlin, 2022). Although it appears unlikely that all hot Jupiters formed this
way, such planets almost certainly comprise a subset of the hot Jupiter population
(see the review by Dawson and Johnson, 2018).

Observations of atmospheric escape can provide a complementary basis to differ-
entiate between these scenarios for the origin of the Neptune desert. If atmospheric
escape is indeed the mechanism that clears the Neptune desert, planets at its edge
would have been marginally stable against photoevaporation. These planets would
therefore be expected to exhibit relatively strong outflow signatures, even given the
reduced XUV fluxes of their middle-aged host stars. Recent studies have demon-
strated that the metastable helium triplet can be used to detect and characterize
planetary outflows for close-in transiting planets (Spake, Sing, et al., 2018; An-
tonija Oklopčić and Hirata, 2018). Unlike the Lyman-𝛼 transit depth – which is
controlled not by the planetary mass-loss rate, but by the distance neutral hydrogen
atoms can travel before they are photoionized (Owen, Murray-Clay, et al., 2021)
– the metastable helium absorption amplitude probes low-velocity thermospheric
gas near the wind-launching radius. This means that it can be readily modeled
using a one-dimensional isothermal Parker wind to infer a mass-loss rate (Antonija
Oklopčić and Hirata, 2018; Lampón, López-Puertas, Lara, et al., 2020). Although
uncertainties in the assumed incident XUV spectrum, outflow temperature, and
outflow composition limit our ability to predict the metastable helium population
in the Parker wind model, we can still constrain present-day mass-loss rates well
enough for planetary evolution studies. This is especially true when we incorpo-
rate additional information like line shapes and energetics (dos Santos et al., 2022;
Vissapragada, Knutson, dos Santos, et al., 2022).

We recently installed a narrowband filter centered on the metastable helium line
(Vissapragada, Knutson, Jovanovic, et al., 2020) in the Wide-field InfraRed Camera
(WIRC; Wilson et al., 2003) at the Hale 200-inch Telescope at Palomar Observatory.
We commissioned this new observing mode by confirming the outflow of WASP-
69b, finding an absorption signal commensurate with spectroscopically resolved
observations by Nortmann et al. (2018). As part of this same study we also observed
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a transit of WASP-52b but did not detect a strong signal. We have since used this
same observing mode to detect an atmopsheric outflow from HAT-P-18b (Paragas
et al., 2021) and found a tentative evidence for an outflow from the young planet
V1298 Tau d (Vissapragada, Stefánsson, et al., 2021).

From 2019-2021, we used our narrowband helium photometer to survey the metastable
helium line in a seven-planet sample near the upper edge of the Neptune desert.
There are currently ten published helium detections in the literature: WASP-107b
(Spake, Sing, et al., 2018; Allart, Bourrier, Lovis, Ehrenreich, Aceituno, et al., 2019;
James Kirk et al., 2020; Spake, A. Oklopčić, and L. A. Hillenbrand, 2021), HAT-
P-11b (Allart, Bourrier, Lovis, Ehrenreich, Spake, et al., 2018; Mansfield et al.,
2018), WASP-69b (Nortmann et al., 2018; Vissapragada, Knutson, Jovanovic, et al.,
2020), HD 209458b (Alonso-Floriano et al., 2019), HD 189733b (Salz, Czesla,
Schneider, Nagel, et al., 2018; Guilluy et al., 2020), GJ 3470b (Palle et al., 2020;
Ninan et al., 2020), HAT-P-18b (Paragas et al., 2021), HAT-P-32b (Czesla et al.,
2022), TOI-560.01 (Zhang et al., 2022), and GJ 1214b (Orell-Miquel et al., 2022).
These observations, along with many non-detections and tentative detections in the
literature, span wide ranges in planetary mass and radius, stellar spectral type and
activity level, system age, observing methodology, and data reduction technique.
This heterogeneity can obfuscate underlying trends in the data, because the mea-
sured helium absorption signal depends on a variety of factors that all vary across the
sample. We therefore focus on a uniformly selected sample of helium observations
obtained with Palomar to search for trends in measured mass-loss rates for planets
at the upper edge of the Neptune desert.

In this work we present the results of our survey, including a re-analysis of the
published transit observations from Vissapragada, Knutson, Jovanovic, et al., 2020
and Paragas et al., 2021. We also present new observations of an additional eight
transits for five planets: WASP-52b, WASP-80b, WASP-177b, HAT-P-26b, and
NGTS-5b. In Section 6.2, we describe our sample selection methodology as well as
our observation and data reduction procedures. In Section 6.3, we summarize our
observations and present helium-band light curves for each of our seven targets. In
Section 6.4, we model each of our light curves using a one-dimensional isothermal
Parker wind model to constrain the planetary mass-loss rates. We discuss the
implications of our results for the population-level picture of atmospheric escape in
Section 6.5, and summarize our conclusions in Section 6.6.
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6.2 Observations
Sample Selection
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To construct our survey sample, we searched the NASA Exoplanet Archive (Akeson
et al., 2013) for transiting giant (𝑅 > 4𝑅⊕) planets with measured masses orbiting
K-type host stars (𝑇★ = 4000 − 5400 K). Planets orbiting K-type stars are predicted
to have the largest fractional metastable helium populations, and therefore to exhibit
the strongest helium absorption signatures during transit (Antonija Oklopčić, 2019;
L. Wang and Dai, 2021a). This is because K stars have relatively high EUV fluxes,
which populate the metastable state via ground-state ionization and subsequent
recombination, and relatively low mid-UV fluxes, which ionize and depopulate the
metastable state. A large fraction of the EUV flux also comes from coronal iron
lines, and Poppenhaeger (2022) highlighted that this consideration also favors K stars
for helium studies. The stellar spectral type gives only an approximate expectation
for the high-energy spectrum of the star however, and the discovery of a strong
helium signature for HAT-P-32b (a gas-giant planet orbiting an F star) is a reminder
that other stars with favorable spectral energy distributions (SEDs) can also exhibit
strong signals regardless of their spectral type (Czesla et al., 2022). Nevertheless,
the bulk of planets with detected outflows in the literature orbit K stars.

We used this initial sample to create a rank-ordered list based on predicted signal-
to-noise ratio (SNR). We estimated the SNR by first calculating lower atmospheric
planetary scale heights using masses, radii, and equilibrium temperatures from
the NASA Exoplanet Archive with a mean molecular weight of 2.3 amu. We
then assumed that a typical helium absorption extends 85.5 lower atmospheric
scale heights at the core of the helium feature, corresponding to the magnitude
of the measured excess absorption signal for WASP-69b (Nortmann et al., 2018).
We selected this planet as a benchmark simply because it was among the first
published measurements of a planetary helium line at high resolving power, but
a different choice for the signal amplitude would not have affected the relative
rankings. Assuming a line shape similar to that observed by Nortmann et al.
(2018), we convolved the expected absorption features with our measured filter
transmission profile to get a Palomar/WIRC signal estimate. We calculated the
expected photometric noise for each observation by scaling on-sky noise statistics
from previous observations (Vissapragada, Jontof-Hutter, et al., 2020; Vissapragada,
Knutson, Jovanovic, et al., 2020) to the 2MASS J magnitudes for each host star.
From the resulting rank-ordered list, we removed two targets with extensive previous
observations (WASP-107b and HD 189733b; Salz, Czesla, Schneider, Nagel, et al.,
2018; Spake, Sing, et al., 2018; Allart, Bourrier, Lovis, Ehrenreich, Aceituno, et al.,
2019; Guilluy et al., 2020; James Kirk et al., 2020; Spake, A. Oklopčić, and L. A.
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Hillenbrand, 2021) and one target that lacked nearby comparison stars, which are
required for our photometric observation technique, and had an exceptionally long
transit duration (KELT-11b).

We were able to obtain observing time for eight of the highest-priority targets, one of
which (HAT-P-12b) we did not ultimately observe due to telescope closures and poor
weather conditions. In Table 6.1, we present the stellar and planetary parameters
for the remaining seven targets constituting our sample. All of the new targets in
our sample except for NGTS-5b (a relatively recent discovery) were independently
identified by James Kirk et al. (2020) as good candidates for metastable helium
observations. These seven planets lie near the edge of the Neptune desert, visualized
in Figure 6.1. HAT-P-26b is close to the lower edge of the desert, and the other six
planets trace the upper edge.

Palomar/WIRC Observations
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From 2019–2021, we observed transits for the seven targets in our sample over 12
nights. We summarize these observations in Table 6.2. All transits were observed
in a custom metastable helium filter centered at 1083.3 nm with a full-width at half-
maximum (FWHM) of 0.635 nm, previously introduced in Vissapragada, Knutson,
Jovanovic, et al. (2020). Each observation followed a similar sequence to that
described in our previous papers (Vissapragada, Knutson, Jovanovic, et al., 2020;
Paragas et al., 2021; Vissapragada, Stefánsson, et al., 2021). We began each night
by observing a helium arc lamp through the helium filter, allowing us to position the
target star where the effective transmission function of the filter was centered on the
helium feature. The exact positioning within this region was selected to maximize
the number of suitable comparison stars; the number of comparison stars for each
night is noted in Table 6.2. On most nights, after acquiring and positioning the target
star we used a custom NIR beam-shaping diffuser to mold the PSF into a top-hat 3′′

in diameter, allowing for precise control of time-correlated systematics (Stefansson
et al., 2017; Vissapragada, Jontof-Hutter, et al., 2020). The only exception was
our observation of HAT-P-18b on UT 2020 Jun 05. Weather conditions were poor
that night, and we chose to slightly defocus the telescope to 1.′′2 instead of using the
diffuser in order to minimize the sky background flux in our photometric aperture. As
described in Vissapragada, Knutson, Jovanovic, et al., 2020, the center wavelength
of the filter shifts across the field of view, and the resulting sky background is highly
structured with bright rings corresponding to OH emission features. To correct for
the structured background, we obtained a number of dithered background frames on
each night (noted in Table 6.2).

Data Reduction
We dark-corrected and flat-fielded each image, and then corrected detector cosmetics
including bad pixels and residual striping (for a more detailed description, see
Vissapragada, Jontof-Hutter, et al., 2020). To subtract the sky background from each
science frame, we first constructed a background frame from the aforementioned
dither sequence. Then, we sigma-clipped the science frame to remove sources, and
finally we median-scaled the dither frame to match the science frame in 10 px radial
steps from the “zero-point”, which is where light encounters the filter at normal
incidence (Vissapragada, Knutson, Jovanovic, et al., 2020). We demonstrated in
Paragas et al. (2021) that these scaling factors can also be used to decorrelate the
time-varying water absorption, which can otherwise contaminate the transit signal.
The OH line at 1083.4 nm overlaps with nearby water features at the resolution of our
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filter, and its flux evolves differently over the night relative to the uncontaminated OH
lines. By taking the ratio of scaling factors in the contaminated and uncontaminated
OH lines, we can construct a proxy for the time-varying water absorption. This
proxy is included as a covariate in our light-curve fits.

We performed aperture photometry on each source using the photutils package,
following the procedure detailed in Vissapragada, Knutson, Jovanovic, et al. (2020).
We tested apertures from 3 to 15 pixels (0.′′75–3.′′75) in radius for each transit
observation. We allowed the locations of the apertures to shift (separately for each
star) from image to image to account for variations in telescope pointing. We found
that the pointing variations were smaller than 1′′ across all datasets except for our
observation of WASP-80b on UT 2020 Jul 09, where the instrument crashed during
the observation and had to be reset. We included the centroid offsets as covariates in
our light-curve fits along with the airmass curves. To select the optimal aperture for
use in light-curve modeling, we first normalized the target star’s light curve by an
average of the comparison star light curves, and subsequently removed 4𝜎 outliers
using a moving median filter. We then selected the aperture size that minimized
the per-point rms scatter in the averaged and moving-median-corrected target star
photometry. The optimized aperture sizes are noted in Table 6.2.

Light-curve Modeling
After calculating the optimized photometry for each transit observation along with
the corresponding decorrelation vectors (airmass, centroid offset, and absorption
proxy), we proceeded to fit the transit light curves using exoplanet (Foreman-
Mackey, Luger, Agol, Barclay, L. Bouma, et al., 2021; Foreman-Mackey, Luger,
Agol, Barclay, L. G. Bouma, et al., 2021). Our procedure is similar to that described
in Paragas et al. (2021) and Vissapragada, Stefánsson, et al. (2021). Briefly, each
target light curve is modeled with a limb-darkened starry transit light curve (Luger
et al., 2019), which is multiplied by a systematics model. The transit light curve
is parameterized by the radius ratio 𝑅p/𝑅★, the orbital period 𝑃, the epoch 𝑇0,
the scaled semi-major axis 𝑎/𝑅★, the impact parameter 𝑏, and the quadratic limb
darkening coefficients (𝑢1, 𝑢2).

We experiment with leaving the limb darkening coefficients free (sampling them us-
ing the approach from David M. Kipping, 2013) and fixing them to values computed
from ldtk (Husser et al., 2013; Parviainen and Aigrain, 2015). Both approaches
have advantages and drawbacks. Using the computed values can be advantageous
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for faint stars, where the precision on the transit shape is too low for our data to
constrain the limb darkening themselves. On the other hand, the PHOENIX models
(Husser et al., 2013) underlying ldtkmay not accurately describe the stellar bright-
ness profile in the helium line because the line is formed in the chromosphere. For
some stars in our sample, we observe mismatches between the ldtk calculations and
the retrieved limb darkening parameters; this could either be due to strong stellar
limb darkening or an optically-thin component of the outflow altering the transit
shape and biasing the inference for the observed limb darkening parameters (e.g.
MacLeod and Antonija Oklopčić, 2022; L. Wang and Dai, 2021a; L. Wang and Dai,
2021b). Therefore, we repeat the fits for each planet leaving the limb darkening
coefficients free and holding them fixed to the calculated values, and adopt the fixed
solution when it agrees with the free retrieval or when the free retrieval is otherwise
uninformative on the limb darkening coefficients. We show how the posteriors on
the limb darkening coefficients compare to the calculated values in Appendix 6.7.

We fix the eccentricities to zero in our fits; none of the planets in our sample are
known to have eccentric orbits, although we note that there is tentative evidence
(1-2𝜎) that HAT-P-18b and HAT-P-26b may have small but non-zero orbital eccen-
tricities (Hartman, Bakos, Sato, et al., 2011; Hartman, Bakos, D. M. Kipping, et al.,
2011; Wallack et al., 2019). We modeled the systematics as a linear combination
of comparison star light curves and decorrelation vectors, with the weights left as
free parameters in each fit. We also included the mean-subtracted BJD times as a
decorrelation vector, which functions as a linear baseline. Each weight was assigned
a uniform prior of U(−2, 2). We list the rest of the priors for the transit light-curve
modeling in Table 6.3.
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After defining the model, we sampled the posterior distributions for each model
parameter using the No U-Turn Sampler (NUTS Hoffman and Gelman, 2011) im-
plemented in pymc3 (Salvatier, Wieckiâ, and Fonnesbeck, 2016). In each light-curve
fit, we ran four chains for 1,500 tuning steps each before taking 2,500 draws. This
resulted in a total of 10,000 draws, which we used to derive the final results. When
performing joint fits across multiple nights of WIRC data, we doubled the number
of tuning steps and draws. We verified the convergence of each fit by visually
inspecting the trace plots to ensure that the chains were well-mixed, and also by
checking that the Gelman-Rubin statistic (Gelman and Rubin, 1992) was �̂� ≪ 1.01
for every sampled parameter.

In addition to the comparison star photometry, each night of data has three additional
covariates as described in Section 6.2: the airmass curve, the water absorption proxy,
and the centroid offsets. We determined which of these covariates to include in the
final model by repeating the fit with every combination of these three parameters
and calculated the Bayesian Information Criterion (BIC; Schwarz, 1978) for each
fit:

BIC = 𝑘 ln 𝑛 − 2 ln L̂, (6.1)

where 𝑘 is the number of fit parameters, 𝑛 is the number of data points, and L̂ is the
maximum likelihood estimate, or MLE. We report the differences in BIC (ΔBIC)
between each fit and a fit with no additional covariates in Appendix 6.8, and select
the model with the minimal BIC. Because pymc3 takes a fully Bayesian approach,
we actually obtain an estimate of the maximum a posteriori (MAP) solution, and the
likelihood at this point can differ from the MLE when the priors are informative. To
ensure that our model selection is not strongly impacted by this difference, we also
consider the two Bayesian model selection methodologies provided by the arviz
package: the Pareto-smoothed importance sampling leave-one-out statistic (PSIS-
LOO; Vehtari, Gelman, and Gabry, 2017) and the Watanabe-Akaike Information
Criterion, sometimes referred to as the Widely Applicable Information Criterion
(WAIC; Watanabe, 2010). Both are methods for evaluating the out-of-sample
predictive accuracy of a model, and more detailed comparisons between these
statistics and the BIC can be found in e.g. Gelman, Hwang, and Vehtari (2014). For
each dataset, we verified that the detrending model with the lowest BIC also had the
highest PSIS-LOO and WAIC values (within the uncertainties reported by arviz),
indicating the highest predictive accuracy.

After selecting optimized detrending models for each night of data, we obtained
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final fits for each planet, in some cases jointly fitting multiple nights of data. In
the final version of the fits we also included a jitter term on each night log(𝜎extra),
which quantifies the discrepancy between the photon noise and the true variance
in the data (i.e. 𝜎2 = 𝜎2

photon + 𝜎2
extra). Final 𝜎 values for each light curve are

provided in Table 6.2, as well as the ratio 𝜎/𝜎phot between the achieved rms and the
photon noise in the unbinned residuals. Allan deviation plots for each light curve
are presented in Appendix 6.9.

We summarize the resulting posteriors for our light-curve fits in Table 6.4. In
this table, we also report the excess absorption at mid-transit, 𝛿mid. To derive this
parameter, we first construct a comparison light curve at each step in the fit using
the radius ratio measured in a nearby bandpass along with our transit shape and
limb darkening parameters. We then subtract the minimum value of the comparison
light curve from the minimum value of our helium light curve at each step in
the fit to obtain a distribution of 𝛿mid values, which is summarized in Table 6.4.
To construct the comparison light curves for WASP-69b, WASP-52b, HAT-P-18b,
WASP-80b, and HAT-P-26b, we used the radius ratios from HST/WFC3 G141
between 1110.8 nm and 1141.6 nm obtained by (Tsiaras et al., 2018). WASP-177b
and NGTS-5b are relatively recent discoveries and have not been observed by HST;
for the former planet, we fit jointly with existing TESS (bandpass between 600 nm–
1000 nm) observations of this system, and for the latter planet we use the reported
radius ratio from NGTS (an average across optical and NIR wavelengths; Eigmüller
et al., 2019) since TESS has not yet observed the system.
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6.3 Results for Individual Planets
WASP-69b
WASP-69b is a Saturn-mass (0.26𝑀J), Jupiter-sized (1.06𝑅J) planet in a 3.87 day
orbit around its K5 host star (Anderson et al., 2014). Its low gravitational potential
makes it an excellent target for atmospheric observations. To date, observations of
this planet’s lower atmosphere have revealed water absorption, sodium absorption,
and a Rayleigh scattering slope indicating the presence of hazes (Tsiaras et al., 2018;
Murgas et al., 2020; Estrela et al., 2021; Khalafinejad et al., 2021). Additionally,
Nortmann et al. (2018) detected helium escaping from the upper atmosphere of
WASP-69b with two nights of CARMENES observations. We confirmed the strong
absorption reported by these authors in our observation of this planet on UT 2019
Aug 16, which was initially published in Vissapragada, Knutson, Jovanovic, et al.
(2020).

Our transit modeling methodology has changed since that initial work, and we
therefore re-fit the data to be consistent with the other planets in the sample. We
found that the calculated limb darkening coefficients agreed well (within 2𝜎) with the
joint distribution of retrieved quadratic limb darkening coefficients (Appendix 6.7),
and the choice does not make much of a difference for the retrieved parameters.
Therefore, we adopted the fixed limb darkening coefficient fit for this planet. The
best-fit light curve, residual, and Allan deviation plot are shown in Figure 6.2. We
find the excess depth at mid-transit to be 0.512+0.049

−0.048% in our bandpass, which
is consistent with our previous work albeit with slightly larger uncertainty. In
our previous work, the detrending model used the best-fit linear combination of
comparison star vectors, effectively marginalizing over the detrending vector weights
that we fit for in this work, so the previously-reported uncertainties were slightly
underestimated.

WASP-52b
WASP-52b is a 0.46𝑀J, 1.27𝑅J planet in a short 1.75 day orbit around its K2 host star
(Hébrard et al., 2013). Notably, the system appears to be relatively young: the dis-
covery paper quotes a gyrochronological age of 400+300

−200 Myr (Hébrard et al., 2013),
though this may be an underestimate (Mancini, Southworth, Raia, et al., 2017).
Its precarious position–just past the edge of the Neptune desert–was also noted by
Owen and Lai (2018). In the high-eccentricity migration framework, which is their
preferred scenario for planets at the upper edge of the desert, this planet’s position
past the edge of the desert suggests that it should have been tidally disrupted. To
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Figure 6.2: Narrowband light curve (top) and residuals (bottom) for WASP-69b.
Grey points are detrended data, which are binned to 10 minute cadence in black.
The red curve indicates our best-fit model, with 1𝜎 uncertainty indicated by the
red shading. The blue curve indicates the nominal light curve model (outside the
helium bandpass).

resolve this discrepancy, Owen and Lai (2018) suggest that WASP-52b’s radius may
have been smaller during migration (with a correspondingly smaller tidal disrup-
tion radius), and that it underwent radius inflation only recently. Other published
observations of WASP-52b indicate that this planet has a relatively flat transmission
spectrum (J. Kirk, P. J. Wheatley, T. Louden, Littlefair, et al., 2016; G. Chen, Pallé,
et al., 2017; Tom Louden et al., 2017; Mancini, Southworth, Raia, et al., 2017;
Alam et al., 2018; E. M. May et al., 2018), although sodium, potassium, and H𝛼
absorption have all been detected at high spectral resolution (G. Chen, Pallé, et al.,
2017; Alam et al., 2018; G. Chen, Casasayas-Barris, et al., 2020).

We first searched for helium in the atmosphere of this planet on UT 2019 Sep 17,
and published the results of these observations in Vissapragada, Knutson, Jovanovic,
et al. (2020). In this work, we re-fit that light curve jointly with a new observation
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taken on UT 2020 Aug 04. Observing conditions were worse on the second night,
which rendered two faint comparison stars from the first night unobservable, but
better positioning of the target star allowed us to add one extra comparison star that
was not in the field of view on the first night.

For this planet, we adopted a fixed limb darkening coefficient fit, as we found that
the calculated limb darkening coefficients agreed well with the joint distribution
of retrieved quadratic limb darkening coefficients (Appendix 6.7), and the choice
did not make a difference for the retrieved parameters. In separate retrievals,
we constrained the excess absorption to be 0.22+0.14

−0.13% on the first night, with a
95th-percentile upper limit of 0.44%, and 1.02+0.39

−0.41% on the second night with a
95th-percentile upper limit of 1.68%. When fitting the datasets jointly, we found
an excess absorption of 0.29+0.13

−0.13%, corresponding to a tentative detection at 2.2𝜎
confidence. The joint fit results are shown in Figure 6.3.
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Figure 6.3: Same as Figure 6.2, but for WASP-52b. Points with circular markers
indicate the first night of data collection and points with triangular markers indicate
the second night.
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HAT-P-18b
HAT-P-18b is a Jupiter-sized (1.00𝑅J), low-mass (0.20𝑀Jup) planet in a 5.5 day
orbit around its K2 host star (Hartman, Bakos, Sato, et al., 2011). Despite its
faintness (𝐽 = 10.8), the low gravitational potential of this planet makes it amenable
to atmospheric characterization, and a Rayleigh scattering slope in HAT-P-18b’s
transmission spectrum was detected by J. Kirk, P. J. Wheatley, T. Louden, Doyle,
et al. (2017). We previously detected a metastable helium signature for this planet
in Paragas et al. (2021). The fitting method we employ in this survey is somewhat
different from the one in Paragas et al. (2021), so we re-fit the observations here.
Rather than fitting jointly with TESS observations of the system as we did previously,
we fit the WIRC data alone and compare to the precise transit depth from HST/WFC3
G141 (Tsiaras et al., 2018). We prefer this approach because the spectrophotometric
bin we use from WFC3 (1110.8 nm-1141.6 nm) is narrower and closer to the helium
filter bandpass than the TESS bandpass (600 nm-1000 nm), and the depth in this
bin is more precise than the TESS depth. Additionally, in the previous work we
reported (𝑅p/𝑅★)2

WIRC − (𝑅p/𝑅★)2
comparison as the excess absorption, but this is not

necessarily equal to the difference in transit depth between the WIRC light curve
and comparison light curve, especially when there is strong stellar limb darkening
in the helium line (as we infer for HAT-P-18b). To account for this, the comparison
light curve should be constructed taking into account limb darkening in the helium
bandpass, which we do when obtaining the excess absorption 𝛿mid in this work (see
Section 6.2).

For HAT-P-18b, we adopted the free limb darkening coefficient fit. The fixed limb
darkening coefficients disagreed with the retrieved coefficients by more than 2𝜎 in
the joint posterior (Appendix 6.7), and the choice was consequential for the final
fitted parameters, so we choose to adopt the free limb darkening coefficient solution.
When fitting each dataset independently, we obtained (𝑅p/𝑅★)2 values of 2.14+0.23

−0.24%
and 2.56+0.17

−0.16% for the first and second nights, respectively. These are consistent to
1𝜎 with the values obtained by Paragas et al. (2021), who fit the WIRC data together
with data from TESS to obtain (𝑅p/𝑅★)2 values of 2.11 ± 0.25% for the first night
and 2.35 ± 0.14% for the second night. We then fit the WIRC datasets jointly and
show the results in Figure 6.4. In the joint fit, we find (𝑅p/𝑅★)2 = 2.46 ± 0.15%,
which is about 1𝜎 larger than the result from Paragas et al. (2021) of 2.29± 0.12%.
Our result for the excess depth is 0.70 ± 0.16%, again slightly larger than our
previously-reported signal of 0.46 ± 0.12%.
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Figure 6.4: Same as Figure 6.2, but for HAT-P-18b. Points with circular markers
indicate the first night of data collection and points with triangular markers indicate
the second night.

WASP-80b
WASP-80b is a Jupiter-sized (1.00𝑅J), 0.54𝑀J planet in a 3.07 day orbit around its
K7/M0 host star (A. H. M. J. Triaud et al., 2013; Amaury H. M. J. Triaud et al.,
2015). At low resolving power, the transmission spectrum of this planet is quite flat
(Fukui et al., 2014; Mancini, Southworth, Ciceri, et al., 2014; J. D. Turner et al.,
2017; Parviainen, Pallé, et al., 2018; J. Kirk, P. J. Wheatley, T. Louden, Skillen,
et al., 2018). Multiple groups running self-consistent wind-launching simulations
have reported WASP-80b to be an excellent candidate for mass-loss observations
(Salz, Schneider, et al., 2015; Salz, Schneider, et al., 2016; Caldiroli et al., 2021a).
However, Fossati et al. (2021) recently obtained four nights of high-resolution data
on WASP-80b and did not detect any metastable helium signature, setting an upper
limit of 0.7% absorption in the line core.

We observed a full transit of WASP-80b on UT 2020 Jul 09. During the first
half of observations the detector started reading large numbers of negative counts
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relatively infrequently until the issue became more persistent near ingress. The
instrument was reset near the middle of the transit, which fixed the problem. Prior
to analysis, frames in the first half with > 0.1% of pixels reading negative counts
were discarded. Additionally, the pre-reset data exhibited stronger systematics than
the post-reset data, so we treated each of the two halves as separate observations (i.e.,
allowing each half of the light curve to have different coefficients for the systematics
model) and fit them jointly. We optimized the aperture size using the second half of
data only, finding an optimized radius of 8 px.

We adopted the fixed limb darkening coefficient fit for WASP-80b, as the calcu-
lated limb darkening coefficients agreed well with the joint distribution of retrieved
quadratic limb darkening coefficients (Appendix 6.7), and the choice did not make
a difference for the retrieved parameters. We did not detect any excess absorption
in our data, finding 𝛿mid = 0.02+0.20

−0.20 with a 95th-percentile upper limit of 0.35%
excess absorption in our bandpass. The fit results are shown in Figure 6.5. Our
non-detection agrees with the more sensitive observations from Fossati et al. (2021).

WASP-177b
WASP-177b is a highly-inflated (1.6𝑅J), 0.5𝑀J planet in a 3.07 day orbit around its
K2 host star (O. D. Turner et al., 2019). This planet has an exceptionally low density
(similar to WASP-107b), making it a good target for transmission spectroscopy.
However, the planetary transit is grazing, which makes it more difficult to extract
precise constraints on the wavelength-dependent planet-star radius ratio.

We observed a full transit of this planet on UT 2020 Oct 2. TESS also observed
this planet (TOI-4521.01) at 2 minute cadence in Sector 42 from UT 2021 Aug –
2021 Sep. Given the grazing nature of the transit and the relatively small number
of comparison light curves in the literature, we decided to fit our Palomar/WIRC
light curve jointly with the TESS light curve. This allowed us to better capture
covariances between the radius ratio, impact parameter, scaled semi-major axis, and
limb darkening parameters while also giving us a reference transit depth to which
we could compare the WIRC measurement. The TESS portion of the fit was carried
out similarly to our fit for HAT-P-18b in Paragas et al. (2021); the only additional
parameters we included were separate TESS limb darkening parameters, the radius
ratio in the TESS bandpass, and an error re-scaling term.

For a grazing geometry it is difficult to differentiate excess absorption associated
with the planet from strong limb darkening, so we first tried a fit with free limb
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Figure 6.5: Same as Figure 6.2, but for WASP-80b. Points with circular markers
indicate the first half of the observations (prior to the instrument reset) and points
with triangular markers indicate the second half.

darkening coefficients. However, we found that the data were uninformative on the
quadratic limb darkening coefficients (see Appendix 6.7), so we defaulted to using
fixed limb darkening coefficients instead. The results of the joint fit are shown in
Figure 6.6. The fitted TESS lightcurve is given in Appendix 6.10. Using the TESS
transit depth as our baseline, we constrain the excess depth to be 0.53+0.23

−0.28%, a
non-detection with a 95th-percentile upper limit of 0.90%.

HAT-P-26b
HAT-P-26b resides near the lower edge of the Neptune desert, and is the smallest
planet in our sample. With a radius of a 0.57𝑅J and a mass of 0.059𝑀J, this planet
orbits its K1 host star every 4.23 days (Hartman, Bakos, D. M. Kipping, et al., 2011).
The Neptune-mass planet has a well-constrained heavy element abundance thanks
to the presence of strong water bands in the red-optical and near-infrared (K. B.
Stevenson et al., 2016; Wakeford et al., 2017) as well as the potential presence of
metal hydride features (MacDonald and Madhusudhan, 2019) and Spitzer secondary
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Figure 6.6: Same as Figure 6.2, but for WASP-177b.

eclipse depth ratios (Wallack et al., 2019). At optical wavelengths, HAT-P-26b’s
alkali features appear to be obscured by a cloud layer (Wakeford et al., 2017; Panwar
et al., 2022).

This planet is an excellent target for observations of atmospheric escape. It is
larger and less massive than HAT-P-11b (a benchmark planet for metastable helium
studies, Allart, Bourrier, Lovis, Ehrenreich, Spake, et al., 2018; Mansfield et al.,
2018), and as a result has an inferred H/He envelope fraction approximately twice
that of HAT-P-11b (E. D. Lopez and Fortney, 2014). The slightly earlier spectral
type of HAT-P-26 (HAT-P-11 is a K4 dwarf) also puts it at the “sweet spot” for
metastable helium observations as identified by Antonija Oklopčić (2019). We
observed this high-priority target three times: on UT 2021 Feb 18, 2021 May 1, and
2021 May 27. The weather on the first night was relatively poor, and the target was
not optimally positioned. Between the first and second nights of observation, we
shifted the placement of the target on the detector in order to include an additional
comparison star, which greatly increased the final precision.
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We do not detect the transit in the first night of data, for which we obtained an overall
𝑅p/𝑅★ = 0.034+0.028

−0.023. As expected, this first night is much noisier than the latter two
(Table 4.1): the rms scatter in the unbinned residuals was 1.79% (2.7× the photon
noise) in the first observation, whereas it was 0.82% (1.6× the photon noise) and
0.61% (1.4× the photon noise) on the second and third nights, respectively. In order
to avoid biasing the final joint fit, we therefore only included the latter two nights of
photometry.

After optimizing the set of detrending vectors selected for each of the latter two
nights, we obtained mid-transit excess depths of 0.43+0.18

−0.17% and 0.23+0.13
−0.13%. We

adopted the fixed limb darkening coefficient fit for HAT-P-26b, as the calculated limb
darkening coefficients agreed well with the joint distribution of retrieved quadratic
limb darkening coefficients (Appendix 6.7), and the choice did not make a significant
difference for the retrieved parameters. The results of our joint fit to the latter two
nights are shown in Figure 6.7. We obtained a mid-transit excess depth of 0.31+0.10

−0.10,
evidence for helium absorption at 3.1𝜎 confidence.

NGTS-5b
NGTS-5b is a Jupiter-sized (1.1𝑅J), sub-Saturn-mass (0.23𝑀J) planet orbiting a K2
dwarf every 3.36 days (Eigmüller et al., 2019). The planet is similar to WASP-69b in
mass, radius, orbital period, and stellar host type, so despite the rather faint host star
(𝐽 = 12.1) we identified it as a high-priority target. We observed two full transits of
the planet: one on UT 2021 Apr 30 and one on UT 2021 May 27.

This target had only one comparison star available in the field of view, and this along
with the faintness of the target star created challenges for our standard systematics
model approach. When testing different covariate combinations for the first night of
data, the detrending models failed. With relatively poor weather conditions on that
first night, the noisy comparison star light curve was severely underweighted in the
systematics model when other covariates were included. When included in the joint
fit, this underweighted model severely increased the magnitude of the correlated
noise. We stress that unlike the first night for HAT-P-26b, which we discarded
because there was no transit detected and the noise was nearly 3× the photon noise
limit, the transit is clearly detected in this dataset, and the issue stemmed purely
from our approach to modeling the systematics. We therefore kept this dataset in the
final model, but to avoid the sharp increase in correlated noise we did not use any
additional covariates in the systematics model for the first night, and as such we do
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Figure 6.7: Same as Figure 6.2, but for HAT-P-26b. Points with circular markers
indicate the second night of data collection and triangular markers indicate the third
night. For both the second and third nights, the dashed red lines indicate 1.5× the
photon noise.

not report the model selection statistics for this night in Appendix 6.8. Conditions
on the second night were more favorable, so the fit was more typical.

We obtained mid-transit excess absorption values of 1.02+0.99
−0.95% and 0.94+0.55

−0.54% for
the individual fits to the first and second nights, respectively. We proceeded to fit
the datasets jointly, and the results are shown in Figure 6.8. We adopted the fixed
limb darkening coefficient fit for NGTS-5b as the calculated limb darkening coeffi-
cients agreed well with the joint distribution of retrieved quadratic limb darkening
coefficients (Appendix 6.7) and the choice did not make a significant difference
for the retrieved parameters. We obtained a final mid-transit excess absorption of
1.02+0.48

−0.46%, a tentative detection at 2.2𝜎 confidence.
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Figure 6.8: Same as Figure 6.2, but for NGTS-5b. Points with circular markers
indicate the first night of data collection, and points with triangular markers indicate
the second night.

6.4 Mass-Loss Modeling
We can convert the excess depths from Section 6.3 into constraints on planetary
mass-loss rates by modeling the outflows with one-dimensional isothermal Parker
winds (Antonija Oklopčić and Hirata, 2018; Lampón, López-Puertas, Lara, et al.,
2020). In this section, we use the p-winds code (dos Santos et al., 2022) to model
our observations. Given a mass-loss rate assuming irradiation conditions at the
substellar point ¤𝑀substellar, a thermosphere temperature 𝑇0, and a hydrogen fraction
for the outflow 𝑓H, we first set the density and velocity profiles for the wind. Then,
we use a high-energy stellar spectrum to calculate the ionization structure and level
populations throughout the outflow. The level populations are used to compute the
expected wavelength-dependent absorption signal at high resolving power, which
we then convolve with our filter bandpass to compare to the measurements in
Section 6.3.

The free parameters in this model are the mass-loss rate, thermosphere temperature,
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the hydrogen fraction, and the high-energy spectrum. We compute the model
over a 50 × 50 grid of mass-loss rates ¤𝑀substellar = 1010 g s−1 − 1013 g s−1 and
thermosphere temperatures 𝑇0 = 5000 K−15000 K. The grid was uniformly spaced
in log( ¤𝑀substellar) and 𝑇0. We set the hydrogen fraction for all outflows to 0.9,
corresponding to a 90-10 hydrogen-helium outflow. Finally, for the high-energy
spectra we select proxy stars from the v2.2 panchromatic SEDs from the MUSCLES
survey (at 1 Å binning; France et al., 2016; Loyd et al., 2016; Youngblood et al.,
2016). We identify three K stars in MUSCLES that appear to be good proxies
for our targets: HD 85512, HD 40307, and 𝜖 Eridani. We model the late K stars
(𝑇★ ≲ 4800 K) in our sample using HD 85512’s spectrum, and use HD 40307’s
spectrum for the early K stars. We use 𝜖 Eridani’s spectrum to model the most active
stars in our sample, including WASP-52 (log(𝑅′

HK) = −4.4; Hébrard et al., 2013)
and WASP-80 (log(𝑅′

HK) = −4.04; Fossati et al., 2021). We list the spectrum used
for each star in Table 6.5. We then scale the MUSCLES spectrum by the stellar
radius and planetary orbital distance to obtain the high-energy spectral flux incident
at the top of the planet’s atmosphere.

Table 6.5: Mass-loss modeling summary.

Planet MUSCLES spectrum ¤𝑀 (1010 g s−1)) 𝜀 𝑀env/ ¤𝑀 (Gyr)

WASP-69b HD 85512 6.3+9.6
−4.9 0.43+0.66

−0.33 250+830
−150

WASP-52b 𝜖 Eridani 2.7+9.0
−2.2 0.0079+0.0261

−0.0065 1010+4710
−780

HAT-P-18b HD 85512 3.7+5.6
−2.7 0.54+0.81

−0.39 320+820
−190

WASP-80b 𝜖 Eridani < 1.4 < 0.046 > 12000
WASP-177b HD 40307 < 45 < 0.37 > 1300
HAT-P-26b HD 40307 9.2+25.0

−8.0 0.52+1.42
−0.45 12.2+77.6

−8.9
NGTS-5b HD 40307 10.2+33.8

−9.7 0.16+0.52
−0.15 140+2770

−100

After running an initial grid of models, we noticed that many of our winds had sonic
points located outside the Roche radius. As discussed in Murray-Clay, Chiang, and
Murray (2009), this happens when the tidal gravity term in the momentum equation
for the wind is not taken into account. We show in Appendix 6.11 that the tidal
gravity term appreciably alters the velocity and density profiles for the planets in
our sample, and we update the p-winds code (in version 1.3) to account for the
effects of the stellar gravity. We then re-calculate our model grids for each planet
and use these grids to determine the range of mass-loss rates and thermosphere
temperatures that match our observations. Next, we assess which combinations of
¤𝑀substellar and 𝑇0 are energetically self-consistent using the methodology outlined in
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Vissapragada, Knutson, dos Santos, et al. (2022). If photoionization is the only heat
source, certain combinations do not satisfy energy balance in the isothermal Parker
wind, and we omit them from our final results.

Finally, we divide the substellar-point mass-loss rates by a factor of 4 to obtain
estimates for the overall mass-loss rate ¤𝑀 . This correction factor accounts for the
fact that the planet is only irradiated over 𝜋 steradians rather than the 4𝜋 steradians
assumed by our 1D models, so the true mass-loss rates will be about a factor of 4
smaller (Salz, Schneider, et al., 2016; Vissapragada, Knutson, dos Santos, et al.,
2022). Other prescriptions to correct for 2D effects exist (e.g. Odert et al., 2020), but
they all agree well for outflows from low-gravity planets (like the ones in our sample)
that are dominated by adiabatic cooling (Caldiroli et al., 2021b). Performing the
radiative transfer using the 1D model rather than a 2D or 3D model also introduces
error, but comparisons between 1D and 3D models suggest that this is a minor error
term (relative to the uncertainty from the ¤𝑀 −𝑇0 degeneracy) except in the presence
of strong stellar winds (MacLeod and Antonija Oklopčić, 2022; L. Wang and Dai,
2021a; L. Wang and Dai, 2021b).

We show the resulting mass-loss constraints for each planet in Figure 6.9. We
used a rejection sampling scheme with this grid of results to generate a list of
100,000 samples for each planet corresponding to the underlying joint distribution
of mass-loss rates and thermosphere temperatures. We began by uniformly sampling
temperatures from 𝑇0 ∼ U(5000, 150000) and log( ¤𝑀substellar) ∼ U(10, 13). For
each sample, we found the closest point on the grid in Figure 6.9 with corresponding
𝑥𝜎 discrepancy between the model and the data. We accepted the sample only if
𝑦 > erf (𝑥/

√
2), where 𝑦 is a random draw from U(0, 1).

With the final list of 100,000 samples in hand for each planet, we marginalize over
the thermosphere temperature to obtain distributions for the mass-loss rates, which
are summarized in Table 6.5. We evaluate the significance of these mass-loss rates
for the expected atmospheric lifetime of each planet by calculating the envelope loss
timescale 𝑀env/ ¤𝑀 . For HAT-P-26b we adopt an envelope mass fraction of 31.7%
(E. D. Lopez and Fortney, 2014). For the other higher-mass gas giants in the sample,
we take 𝑀env ∼ 𝑀 . We give the resulting envelope loss timescales in Table 6.5.
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Figure 6.9: Mass-loss models for the seven planets in our sample. The shading gives
the 𝜎 agreement between the observations and a 1D transonic Parker wind model
characterized by the mass-loss rate ¤𝑀 and thermosphere temperature 𝑇0. Models
that violate energy balance (Vissapragada, Knutson, dos Santos, et al., 2022) are
rejected (blue shaded regions).

6.5 Discussion
Benchmarking Mass-Loss Models
Self-consistent, one-dimensional mass-loss models like the Pluto-CLOUDY Inter-
face (TPCI; Salz, Schneider, et al., 2015; Salz, Schneider, et al., 2016) and the
ATmospheric EScape code (ATES; Caldiroli et al., 2021b; Caldiroli et al., 2021a)
are crucial for interpretation of mass-loss-related phenomena in the exoplanet pop-
ulation, but to date there have been relatively few attempts to benchmark their
predictions against measurements of present-day mass-loss rates for transiting plan-
ets. Here, we compare the inferred mass-loss rates from our seven-planet sample to
predictions from the ATES code as a function of the incident XUV flux. Because
Caldiroli et al. (2021a) provide analytical approximations for the efficiency as a
function of incident XUV flux and gravitational potential, comparisons between the
model and the data are simple and do not require expensive computations for each
planet.
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In order to place all seven planets on the same plot, we need to convert our measured
mass-loss rates and XUV fluxes into scaled units that correct for planet-to-planet
variations in gravitational potential and Roche radius. Scaled units can be obtained
by starting from the energy-limited approximation from the planetary mass-loss rate
(e.g. Caldiroli et al., 2021a):

¤𝑀 =
𝜀𝜋𝑅3

p𝐹XUV

𝐾𝐺𝑀p
, (6.2)

where 𝜀 is the mass-loss efficiency, 𝐹XUV is the incident high-energy flux, and 𝐾
is the Erkaev et al. (2007) Roche-lobe correction factor. Then, we can rewrite the
expression in terms of the planetary density 𝜌p:

𝐾 ¤𝑀 =
3𝜀
4𝐺

𝐹XUV

𝜌p
. (6.3)

Planets in the energy-limited regime should therefore exhibit a linear relation be-
tween the 𝐾-corrected mass-loss rate and the ratio 𝐹XUV/𝜌p (Caldiroli et al., 2021a).

As the incident XUV flux increases, however, self-consistent models predict that
the outflow begins to lose substantial energy to radiative cooling, leading to a sub-
linear dependence on 𝐹XUV/𝜌p beyond a threshold of 𝐹XUV/𝜌p ∼ 104 erg cm g−1s−1

(Murray-Clay, Chiang, and Murray, 2009; Salz, Schneider, et al., 2016; Salz, Czesla,
Schneider, and Schmitt, 2016; Caldiroli et al., 2021a). Higher-gravity planets are
also predicted to have low overall outflow efficiencies, as the atmospheres are
more tightly bound and tend to re-emit more energy locally (Owen and Alvarez,
2016). To an order of magnitude, this happens when the energy liberated by a single
photoionization event (Δ𝐸 ∼ 10 eV∼ 10−11 erg) exceeds the particle binding energy,
which for a hydrogen atom (𝑚H ∼ 10−24 g) occurs roughly at a gravitational potential
of 𝜙p ∼ Δ𝐸/𝑚H ∼ 1013 erg/g (for a more thorough explanation, see Caldiroli et al.,
2021a). More sophisticated numerical experiments place this threshold closer to
𝜙p ≳ 1013.2 erg/g (Salz, Schneider, et al., 2016; Caldiroli et al., 2021a).

In Figure 6.10 we plot our marginalized and 𝐾-corrected ¤𝑀 distributions as a
function of 𝐹XUV/𝜌p, along with the corresponding ATES model prediction for each
planet. Immediately, two distinct populations of planets emerge in this parameter
space. The first, comprised of HAT-P-18b, WASP-69b, HAT-P-26b, NGTS-5b, and
WASP-177b, appear to agree quite well with the ATES predictions. The second
group of planets, which includes WASP-80b and WASP-52b, appear to have mass-
loss rates that are more than an order of magnitude lower than the model predictions.
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We discuss possible explanations for the surprisingly low inferred mass-loss rates
of the second group in Section 6.5.

We use a bootstrap averaging method to estimate the mean mass-loss efficiency of
planets in the first group. We omit WASP-52b and WASP-80b from this exercise
because their helium signals appear to be affected by factors that are not included
in our model, such as magnetic fields or stellar winds, as discussed in the next
section. For the other planets, we first converted our marginalized ¤𝑀 distribution
for each planet into a distribution on 𝜀 using Equation (6.3), and these distributions
are summarized in Table 6.5. We then took a random draw from each planet’s 𝜀
distribution and averaged the draws to get an estimate for the mean efficiency. We
repeated this procedure 100,000 times to obtain a final estimate of 𝜀 = 0.41+0.16

−0.13.
We overplot this average 𝜀 model in Figure 6.10.

The measured mass loss constraints for all five planets in the first group overlap with
the average-𝜀 model at 2𝜎 confidence, and the model is a reasonable approximation
to the ATES (Caldiroli et al., 2021a) predictions for our sample as well. ATES
also predicts that the mass-loss efficiency should level off with increasing 𝐹XUV/𝜌p

as compared to a fixed-𝜀 curve. Unfortunately, the uncertainties in the inferred
mass-loss rates for our sample, which are dominated by the degeneracy between
mass-loss rate and thermosphere temperature, are too large to differentiate between
this model and a constant-𝜀 model. Resolving the line profiles of these planets with
high-resolution transmission spectroscopy can help break the degeneracy (e.g. dos
Santos et al., 2022).

We can compare our measured efficiency to other giant planets (𝑅p > 4𝑅⊕) orbiting
K stars with reported helium detections in the literature. The reported absorption
for WASP-107b (Spake, Sing, et al., 2018; Allart, Bourrier, Lovis, Ehrenreich,
Aceituno, et al., 2019; James Kirk et al., 2020; Spake, A. Oklopčić, and L. A.
Hillenbrand, 2021) is well-matched by the three-dimensional hydrodynamical mod-
els of L. Wang and Dai (2021b), who report a mass-loss rate of approximately
2 × 1011 g s−1. Using the scaled MUSCLES spectrum of 𝜖 Eridani to calculate the
XUV flux, we obtained an outflow efficiency of 0.34, in good agreement with our
measured efficiency. The signal observed for HAT-P-11b (Allart, Bourrier, Lovis,
Ehrenreich, Spake, et al., 2018; Mansfield et al., 2018) has been modeled using
p-winds using the scaled MUSCLES spectrum of HD 40307 as a proxy for the
stellar XUV spectrum, and dos Santos et al. (2022) report a 1D mass-loss rate of
2.3+0.7

−0.5 × 1010 g s−1 (with stellar limb darkening taken into account). Dividing this



182

result by 4 to get the overall mass-loss rate (for consistency with the method outlined
in Section 6.4), we obtain an outflow efficiency of 0.170+0.052

−0.037, somewhat smaller
than our measured efficiency but consistent within 2𝜎.

Finally, the signal observed for HD 189733b (Salz, Czesla, Schneider, Nagel, et
al., 2018; Guilluy et al., 2020) was modeled using a Parker wind methodology
by Lampón, López-Puertas, Sanz-Forcada, et al. (2021). For their 90/10 H/He
composition model, they found a mass-loss rate at𝑇 = 12000 K of about 4×109 g s−1,
with significant spread due to the ¤𝑀−𝑇0 degeneracy. Again dividing by 4 to account
for the multidimensional outflow, this corresponds to an efficiency of 0.0023, much
smaller than our measured efficiency. A small efficiency is expected: the relatively
large mass of HD 189733b puts it in a regime where radiative losses dominate
the cooling budget rather than the adiabatic expansion of the atmosphere (Salz,
Schneider, et al., 2016; Caldiroli et al., 2021b; Caldiroli et al., 2021a), so the
outflow is more similar to WASP-52b and WASP-80b than the other planets in our
sample. Similarly to WASP-52b and WASP-80b, the planet has a smaller semimajor
axis (𝑎 = 0.031; Bouchy et al., 2005) and more active host star (log (𝑅′

HK) = −4.501;
Knutson, Howard, and Isaacson, 2010) than the other planets in our sample. The
inferred mass-loss rate for HD 189733b at a 90/10 composition is still at least a factor
of a few smaller than predicted by 1D hydrodynamical models, which give mass-loss
rates of about 109.5−10.0 g s−1 for this planet (Salz, Schneider, et al., 2016; Caldiroli
et al., 2021b; Caldiroli et al., 2021a). Lampón, López-Puertas, Sanz-Forcada, et al.
(2021) resolve this discrepancy by invoking a hydrogen-rich composition for the
outflow, but this is not the only factor that can achieve a reduction of the helium
signal. In the next section, we consider a range of explanations for the smaller-
than-expected helium signals on WASP-52b and WASP-80b that could apply to HD
189733b as well.

Low Mass-Loss Rates for WASP-80b and WASP-52b
We now consider potential explanations for WASP-80b and WASP-52b’s low ap-
parent mass-loss rates, which are discrepant with both the ATES model predictions
and the rest of the planets in our sample. We note that these two planets have the
smallest semimajor axes and the largest log(𝑅′

HK) values (Table 6.1) in our sample;
this may or may not have anything to do with their low observed mass-loss rates.
In this section, we consider five possible explanations: overestimated XUV fluxes,
the XUV spectral shapes of their host stars, stronger-than-predicted stellar winds,
outflow composition, and magnetic fields.
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Figure 6.10: 𝐾-corrected mass-loss rate ¤𝑀 as a function of 𝐹XUV/𝜌p for all the
planets in our sample, following Caldiroli et al. (2021a). The shaded violins indicate
the marginalized distribution of 𝐾-corrected mass-loss rates with the median and
95% confidence interval for the distribution given by the black points and error bars,
respectively. The triangle denotes the 95% upper limit for WASP-80. The orange
curve indicates the average inferred mass-loss efficiency 𝜀, with the 1𝜎 uncertainty
given by the shaded orange region. The blue curve indicates predictions from the
ATES code (Caldiroli et al., 2021b; Caldiroli et al., 2021a).

If the XUV flux of the host star was overestimated, it would cause us to overpredict
the magnitude of a planet’s mass loss rate. To test this effect, we decreased the
incident XUV flux by a factor of ten in the p-winds models for WASP-52b and
WASP-80b and recomputed the mass-loss efficiencies. Averaging the two efficiency
parameters using the same bootstrapping method from Section 6.5, we found a mean
efficiency of 0.130+0.064

−0.048. This is still smaller than our inferred efficiency for the
other five planets, but the distributions overlap at the 2𝜎 level. We conclude that
the XUV fluxes would have to be overestimated by at least a factor of ten for the
mass-loss efficiencies to come into reasonable agreement with the rest of the sample.

For WASP-80, Fossati et al. (2021) combined archival ROSAT and XMM-Newton
observations with a new Gaia distance to calculate a precise X-ray flux measurement
of 𝐿X = 4.85+0.12

−0.23 × 1027 erg/s. Scaling this value into the UV yields 𝐹XUV ≈
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6300 erg/cm2/s, which is close to our adopted value. Two other papers independently
measure this star’s X-ray flux and find values that are approximately a factor of three
smaller (Monsch et al., 2019) and a factor of two larger (Foster et al., 2021) than this
value. Despite these methodological differences, factor-of-a-few variations in the
XUV flux are not enough to reconcile the tight upper limit on this planet’s helium
absorption signal with model predictions. For WASP-52, which was observed by
Chandra (ACIS), Monsch et al. (2019) found 𝐿X = 3.1+1.2

−1.0 × 1028 erg/s. Using the
X-ray to EUV scaling relation for Chandra (ACIS) from King et al. (2018), we obtain
an XUV irradiance of 𝐹XUV ≈ 38, 000 erg/cm2/s. This is quite close to our assumed
value. We therefore conclude that, just as with WASP-80, differences in assumed
XUV flux are unlikely to explain this planet’s low helium absorption signal.

While variations in the integrated XUV flux are unlikely to explain the helium
observations for WASP-80b and WASP-52b, the assumed spectral shape may play
a role. In order to create a significant population of metastable helium, there must
be enough EUV photons to ionize ground-state helium in the outflow, which then
recombines into the metastable state (Antonija Oklopčić and Hirata, 2018; Antonija
Oklopčić, 2019). As demonstrated by Poppenhaeger (2022), many of the stellar
EUV photons that ultimately ionize helium come from coronal iron lines. Iron has
a relatively low first ionization potential (FIP), and in very active, low-mass stars,
the abundance of species with low FIPs often appear to be diminished (termed the
inverse first ionization potential effect, or iFIP; Brinkman et al., 2001; Güdel et al.,
2001; Brian E. Wood et al., 2018). WASP-52 and WASP-80 are by far the most
active stars in our sample, so they may be affected by this phenomenon. Our assumed
proxy star for these two planets, 𝜖 Eridani, does not exhibit the iFIP effect and has
strong coronal iron lines (Poppenhaeger, 2022); this might cause us to overestimate
their metastable helium populations in our models.

It is also worth noting that the models we are using in this study assume spherical
symmetry, but not all outflows are spherically symmetric. If the outflow is confined
into a comet-like shape by a strong stellar wind, it could reduce the magnitude of
the helium absorption (e.g., McCann et al., 2019; Carolan et al., 2020; MacLeod
and Antonija Oklopčić, 2022). This phenomenon has been directly detected for
the hot Jupiter WASP-107b (Khodachenko et al., 2021; Spake, A. Oklopčić, and
L. A. Hillenbrand, 2021; L. Wang and Dai, 2021b), and may also explain the
relatively weak helium signal measured for the mini-Neptune TOI-560.01 (Zhang et
al., 2022). Importantly, both WASP-52 and WASP-80 appear to be relatively young,
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suggesting that they may have correspondingly enhanced stellar winds. WASP-52
(𝑣 sin 𝑖 ≈3.6 km/s with a photometric rotation period of 16.4 days, Hébrard et al.,
2013) and WASP-80 (𝑣 sin 𝑖 ≈3.55 km/s, A. H. M. J. Triaud et al., 2013) both
rotate rapidly, with estimated gyrochronological ages of less than 1 Gyr (Barnes,
2007; Hébrard et al., 2013; A. H. M. J. Triaud et al., 2013). They are also the
two most active stars in our sample, with 𝐵 −𝑉 colors and log 𝑅′

HK values that also
suggest ages as young as a few hundred Myr (Mamajek and Lynne A. Hillenbrand,
2008). However, some caution is warranted as stellar angular momenta are known
to be affected by giant planets on close in-orbits (e.g. Lanza, 2010; Poppenhaeger
and Wolk, 2014; Mancini, Southworth, Raia, et al., 2017).

Fossati et al. (2021) modeled the impact of stellar wind on WASP-80b using a three-
dimensional hydrodynamical model (Shaikhislamov et al., 2021; Khodachenko et
al., 2021), and showed that it does not suppress the helium signal enough to match
their non-detection. They modeled stellar mass-loss rates up to ∼ 10 ¤𝑀⊙, but at early
times the wind can be even stronger. B. E. Wood et al. (2005) used astrospheric
Lyman-𝛼 absorption to infer mass-loss rates of 30 ¤𝑀⊙ and 100 ¤𝑀⊙ for 𝜖 Eridani and
70 Oph, both relatively young K dwarf stars. We can use the aforementioned X-ray
fluxes along with the B. E. Wood et al. (2005) relation to estimate the stellar mass-
loss rate for WASP-80. We obtain a mass-loss rate of ∼ 4 ¤𝑀⊙, well within the range
modeled by Fossati et al. (2021). Using the same relation, we obtain a mass-loss rate
of ∼ 35 ¤𝑀⊙ for WASP-52. We conclude that a strong stellar wind might suppress
the helium signal for WASP-52b, but it is unlikely to explain WASP-80b.

The composition of the outflow could also affect the magnitude of the observed
signal. It has been suggested (e.g. Lampón, López-Puertas, Lara, et al., 2020;
Lampón, López-Puertas, Sanz-Forcada, et al., 2021) that outflows from giant planets
may be depleted in helium, which would suppress both the helium signal and the
corresponding inferred mass-loss rate. Fossati et al. (2021) modeled the composition
of WASP-80b’s outflow and showed that helium depletion (with 𝑛He/𝑛H ∼ 0.01)
might plausibly explain these data. Previous studies of HD 209458b, HD 189733b,
and GJ 3470b have sought to quantify the fractional abundances of hydrogen and
helium in planetary outflows by comparing the magnitude of absorption measured
in both the Lyman-𝛼 and metastable helium lines to Parker wind models (Lampón,
López-Puertas, Lara, et al., 2020; Lampón, López-Puertas, Sanz-Forcada, et al.,
2021; Lampón, López-Puertas, Czesla, et al., 2021) or 3D hydrodynamical models
(Shaikhislamov et al., 2021). However, Lyman-𝛼 is a poor tracer for the density
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distribution in the planetary thermosphere, typically probing above the exobase at
high velocities (e.g. Owen, Murray-Clay, et al., 2021). This suggests that anchoring
the Parker wind model composition near the wind-launching radius to models of
Lyman-𝛼 absorption may be inadvisable. A more reasonable route would be to
jointly model H𝛼 and metastable helium absorption signals, as suggested by Czesla
et al. (2022). Such joint models would be invaluable in resolving this question.

Strong magnetic fields can also confine planetary outflows. For a strongly ionized
wind launched in a dipolar planetary magnetic field, equatorial field lines are closed
(ionized material traveling along field lines would loop back to the planet), leading
to an equatorial “dead zone”, while polar field lines remain open (Adams, 2011;
Trammell, Arras, and Li, 2011; Owen and Adams, 2014). For close-in planets
orbiting exceptionally active stars, the outflows are largely ionized, so material
should follow field lines if the planets are magnetized. WASP-80b and WASP-52b
have the smallest semimajor axes and their host stars have the largest log(𝑅′

HK)
values in our whole sample, making this an attractive explanation.

The ratio of magnetic pressure to ram pressure is a good diagnostic for the influence
of magnetic fields (Owen and Adams, 2014), but this ratio depends on the magnetic
field strength which is quite uncertain. There are several lines of evidence indicating
that the magnetic fields of hot Jupiters may be relatively strong (10-100 G), including
the inflated radii of these planets (Batygin and David J. Stevenson, 2010; Yadav and
Thorngren, 2017) and evidence for magnetic star-planet interactions in a few systems
(SPI; Cauley et al., 2019). Other observations suggest that these planets may have
more modest field strengths (1-10 G), including ultraviolet observations of Lyman-𝛼
and ionized carbon lines in HAT-P-11b (Ben-Jaffel et al., 2022), and a small inferred
hotspot offset in the phase curve of WASP-76b which might be caused by Lorentz
drag (Erin M. May et al., 2021; Beltz et al., 2022). Elsasser number scalings
also predict more moderate magnetic field strengths (David J. Stevenson, 2003).
If the Elsasser number is of order unity, the field strength scales with the square
root of the rotation rate; for tidally-locked hot Jupiters, this implies 𝐵 ∼ 1/

√
𝑃.

Assuming the fluid densities and conductivities are similar to that of Jupiter, we
have 𝐵 ∼ 𝐵J(𝑃/10 hr)−1/2, of order a few G for the planets in consideration here.
Even at the lower end of this range, magnetic pressure is expected to dominate over
ram pressure near the wind-launching region (Owen and Adams, 2014), suggesting
that magnetic fields may indeed play a role in confining the outflows of WASP-80b
and WASP-52b.
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In summary, inaccuracies in the integrated XUV fluxes are unlikely to explain
the helium non-detection for WASP-80b and the small inferred mass-loss rate for
WASP-52b, but inaccuracies in the spectral shape could decrease the helium signals
for these planets. The stellar wind might also be a contributing factor for WASP-
52b, but it is unlikely to explain the non-detection for WASP-80b. Composition and
magnetic fields could both play a role in explaining the observations. We propose
some observational tests in Section 6.6 that could help to distinguish between these
competing hypotheses.

The Upper Neptune Desert Is Stable Against Mass Loss
At the beginning of this work, we hypothesized that if the Neptune desert is indeed
cleared by mass loss, then planets at its boundaries should be marginally stable
against photoevaporation. We can now test this hypotheses using our measurements
and some simple calculations. First, we inspect our observationally-constrained
mass-loss rates to evaluate our sample’s present-day stability to atmospheric erosion.
We expect that close-in giant planets will be destroyed while their host stars are on
the main sequence (Hamer and Schlaufman, 2019), so a reasonable timescale for
atmospheric stability is 𝑀env/ ¤𝑀 ∼ 4 Gyr. In Table 6.5, all of the planets in our
sample near the upper edge of the desert have predicted atmospheric lifetimes that
are much greater than this timescale.

For HAT-P-26b near the lower edge of the desert, our result is inconclusive due to
the ¤𝑀 −𝑇0 degeneracy: if the outflow is hot (𝑇0 ≳ 10, 000 K) the planet’s predicted
atmospheric lifetime may be as short as 3.3 Gyr. This is substantially shorter than
the envelope mass-loss timescale for HAT-P-11b: using the mass-loss rate from
(dos Santos et al., 2022) and the envelope mass fraction of 15.1% from (E. D.
Lopez and Fortney, 2014), the mass-loss timescale for HAT-P-11b is ∼ 30 Gyr.
Importantly, the ¤𝑀 − 𝑇 degeneracy for HAT-P-11b is broken by the precise line
shape measurement (Allart, Bourrier, Lovis, Ehrenreich, Spake, et al., 2018; dos
Santos et al., 2022) and also by energetic arguments (Vissapragada, Knutson, dos
Santos, et al., 2022). Both methods suggest the outflow temperature for HAT-P-11b
is 𝑇0 ≲ 8000 K, and if this is the case for HAT-P-26b as well, it would have a
longer inferred envelope loss timescale. In the future, high-resolution spectroscopy
of HAT-P-26b could resolve this degeneracy by measuring the helium line shape
and corresponding outflow temperature.

Although the present-day mass-loss rates of the planets in our sample appear to be
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low, they experienced stronger XUV irradiation (and thus suffered higher mass-loss
rates) in the past. We can reconstruct their past mass-loss histories by integrating the
energy-limited mass-loss rate back in time (see e.g. Lecavelier Des Etangs, 2007;
A. P. Jackson, Davis, and Peter J. Wheatley, 2012; Mordasini, 2020). We first start
with the expression:

¤𝑀 = −
𝜀𝑅3

p𝐿XUV

4𝑎2𝐾𝐺𝑀
, (6.4)

which is the typical expression for the energy-limited mass-loss rate (Equation 6.2)
with the scaled luminosity 𝐿XUV/(4𝜋𝑎2) substituted for the flux 𝐹XUV. For this
estimate, we assume that the planetary radius is approximately invariant to small
changes in the mass. We can do this because the mass-radius relation is nearly flat
for the giant planets at the upper edge of the Neptune desert (e.g. J. Chen and D.
Kipping, 2017; Owen and Lai, 2018; Thorngren, Marley, and Fortney, 2019). This
is because giant planets at the upper edge of the desert are well-approximated by
𝑃 ∝ 𝜌2 polytropes for which the radius does not depend on mass (D. J. Stevenson,
1982). Additionally, the variations in 𝐾 with mass are also small and can be ignored.
The integral then reads: ∫ 𝑀p

𝑀0

𝑀𝑑𝑀 =

∫ 𝑡

0
−
𝜀𝑅3

p𝐿XUV

4𝑎2𝐾𝐺
𝑑𝑡, (6.5)

where we have introduced the initial planetary mass𝑀0 and the planet’s current age 𝑡.
To allow for maximum possible mass loss, we assume that the planet has maintained
the same mass-loss efficiency for its whole life, even though the efficiency at early
times is likely much lower in the recombination limit (Murray-Clay, Chiang, and
Murray, 2009; Owen and Alvarez, 2016). Additionally, we assume the planet has
remained at its current semimajor axis for its whole life, i.e., that it did not migrate
from a more distant location where it experienced lower instellation. Then, defining
the integrated stellar XUV luminosity 𝐸XUV =

∫ 𝑡

0 𝐿XUV𝑑𝑡, we obtain the equation:

𝑀2
p − 𝑀2

0 = −
𝜀𝑅3

p𝐸XUV

2𝑎2𝐾𝐺
. (6.6)

Finally, writing the current mass of the planet as a fraction 𝑓 < 1 of the initial mass
(such that 𝑀0 = 𝑀p/ 𝑓 ), we obtain:

𝑀p =
1
𝑎

√√√(
− 1

1 − 1
𝑓 2

)
𝜀𝑅3

p𝐸XUV

2𝐾𝐺
(6.7)

This is a line in the 𝑀p − 𝑎 plane above which planets have lost less than a fraction
𝑓 of their initial mass, and below which they have lost more. We hereafter take
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𝑓 = 0.5 – a planet losing half of its initial mass – as a metric for marginal stability.
To calculate this boundary, we require a prescription for the planetary radii and the
integrated stellar XUV flux in addition to our empirically-constrained distribution
for 𝜀. For the planetary radii, we use the empirical radius-temperature relation from
Equation (1) of (Owen and Lai, 2018) for a typical K dwarf temperature𝑇★ = 4700 K
and radius 𝑅★ = 0.8𝑅⊙. The spread in the relation is incorporated into our final
uncertainties. We note that this relation is only valid for 𝑀p ≳ 0.2𝑀J; below this
mass the planetary radius will change as the planet undergoes photoevaporation. For
the integrated XUV flux, a reasonable upper limit for a K dwarf is 𝐸XUV ∼ 1046 erg
using the fast rotator track from Johnstone, Bartel, and Güdel (2021) as a guide (see
their Figure 18).
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Figure 6.11: 𝑀p−𝑎 plane with marginal stability curves. Planets above the red curve
cannot have lost more than 50% of their initial mass 𝑀0 to photoevaporation, even
assuming an energy-limited outflow for the entire planetary lifetime. The red shaded
region corresponds to the uncertainty on our empirical estimate for the mass-loss
efficiency 𝜀 with the uncertainty in the empirical radius-temperature relation from
Owen and Lai (2018) included as well. The orange curve shows the same for 10%
mass loss. Points indicate transiting exoplanets with fractional mass uncertainties
of less than 30%; those orbiting stars with 4000 K< 𝑇eff < 5400 K are colored
blue, and the seven targets constituting our sample are labeled and outlined with red
stars. The gray shaded region indicates 𝑀p < 0.2𝑀J wherein our assumed radii are
incorrect.
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In Figure 6.11, we draw the 𝑓 = 0.5 boundary on the 𝑀p − 𝑎 plane for a 𝑅 = 𝑅J and
𝐾 = 0.5 planet using our empirical efficiency from Section 6.5. For comparison, we
also draw the 𝑓 = 0.9 boundary (corresponding to 10% mass loss over the planetary
lifetime). We conclude that planets at the upper edge of the Neptune desert have
lost less than 10% of their initial masses to photoevaporation. This empirically
benchmarked result is in good agreement with previous theoretical calculations by
Ionov, Pavlyuchenkov, and Shematovich (2018) and Owen and Lai (2018). HAT-
P-26b, near the lower edge of the Neptune desert, is a potential exception – it
could have lost ∼ 50% of its initial mass if its outflow was energy-limited for the
entire planetary lifetime. Although planets like HAT-P-26b along the lower edge
of the desert could still be substantially affected by mass loss, we caution that our
simplifying assumption that the radius is insensitive to small changes in envelope
mass will not hold true for these smaller planets, and a more detailed framework
taking into account the core-envelope structure is needed for understanding this part
of the population (e.g. Owen and Lai, 2018; Mordasini, 2020).

Throughout this section, we made a number of assumptions to try to estimate the
maximum possible mass-loss endured by planets in and near the upper edge of the
Neptune desert. In reality, not all planetary host stars will have XUV luminosities as
large as those of the most rapidly rotating stellar models from Johnstone, Bartel, and
Güdel (2021). We also assumed an energy-limited outflow for the entire planetary
lifetime; this is certainly an overestimate at early times, and the efficiency will be
much lower during the period of maximum XUV irradiation (Murray-Clay, Chiang,
and Murray, 2009; Owen and Alvarez, 2016). Despite this, we still found that
the boundary for marginal stability is located well below the actual edge of the
desert. We conclude that photoevaporation cannot explain the upper boundary of
the Neptune desert.

6.6 Conclusions
In this work, we searched for helium outflows in 7 gas-giant exoplanets orbiting
K-type host stars over the course of a 12-night survey with Palomar/WIRC. We
summarize our results below:

1. We detected (> 3𝜎 confidence) helium absorption from WASP-69b, HAT-P-
18b, and HAT-P-26b; tentatively detected (2 − 3𝜎) absorption from WASP-
52b and NGTS-5b; and did not detect (< 2𝜎) absorption from WASP-80b and
WASP-177b.
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2. When interpreting these signals with a one-dimensional Parker wind model,
we found that the six planets in our sample near the upper edge of the desert
(WASP-69b, WASP-52b, HAT-P-18b, WASP-80b, WASP-177b, and NGTS-
5b) have predicted atmospheric lifetimes 𝑀env/ ¤𝑀 much larger than 10 Gyr.
Our result for HAT-P-26b (near the lower edge of the desert) is inconclusive
due to the ¤𝑀 − 𝑇0 degeneracy.

3. We compared our empirically measured mass-loss rates to predictions from
the one-dimensional, self-consistent hydrodynamics code ATES (Caldiroli
et al., 2021b; Caldiroli et al., 2021a). We found that five planets were in good
agreement with the ATES predictions: HAT-P-18b, WASP-69b, HAT-P-26b,
NGTS-5b, and WASP-177b. The mass-loss rates for these planets are all
consistent with a mean outflow efficiency of 𝜀 = 0.41+0.16

−0.13.

4. We found that WASP-52b and WASP-80b have much lower inferred mass-
loss rates than predicted by these models. The measured helium absorption
signals for these two planets may be affected by stellar wind confinement,
helium depletion, the inverse first ionization potential effect, or magnetic field
confinement, although stellar wind confinement appears unlikely for WASP-
80b.

5. Our empirically measured mass-loss efficiencies are too small for photoe-
vaporation to sculpt the population of giant planets at the upper edge of the
Neptune desert, in agreement with previous work by Owen and Lai (2018)
and Ionov, Pavlyuchenkov, and Shematovich (2018).

We conclude that another mechanism besides photoevaporation must be respon-
sible for carving the upper edge of the Neptune desert. Candidate explanations
include high-eccentricity migration (Matsakos and Königl, 2016; Owen and Lai,
2018) and in situ formation near the magnetospheric truncation radius of the natal
protoplanetary disk (Bailey and Batygin, 2018). Although our observations cannot
distinguish between these two scenarios, future studies of the functional depen-
dence of the desert’s upper boundary on stellar properties may yield more insight
into the problem. Additional observations aimed at constraining the presence of
long-period planetary companions, for instance with Gaia astrometry, could also
help to differentiate between these hypotheses.

Our survey also revealed that 1D mass loss models overpredict the metastable helium
signatures from WASP-52b and WASP-80b, in agreement with previous work by
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Fossati et al. (2021). Although it cannot explain WASP-80b, our estimates suggest
that a strong stellar wind might confine the outflow of WASP-52b, similar to what
has been proposed for WASP-107b (Spake, A. Oklopčić, and L. A. Hillenbrand,
2021; L. Wang and Dai, 2021b) and TOI-560.01 (Zhang et al., 2022). If the helium
line for WASP-52b can be detected with more sensitive observations at higher
resolving power, we would expect to see a characteristic blueshifted line profile
and/or an extended tail of post-egress absorption in this scenario. If the outflow is
instead confined by magnetic fields, the line profile would not be strongly Doppler
shifted. We could also test the magnetic confinement explanation for both planets
by searching for evidence of star-planet interactions. Cauley et al. (2019) recently
demonstrated that close-in planets with strong magnetic fields can affect the stellar
chromospheric emission. These magnetic star-planet interactions (SPI) are detected
in the Ca II K line, where variations in stellar emission occur on the planetary orbital
timescale. Lastly, observations of the H𝛼 absorption signal from both planets could
also provide constraints on the outflow composition (Czesla et al., 2022). H𝛼
absorption has already been detected for WASP-52b (G. Chen, Casasayas-Barris,
et al., 2020); similar constraints should also be obtained for WASP-80b.

Intriguingly, the TESS survey is also beginning to discover planets within the Nep-
tune desert, including TOI-849b (Armstrong et al., 2020) and LTT 9779b (Jenkins et
al., 2020). Dai et al. (2021) show that these desert-dwellers tend to orbit metal-rich
stars and lack planetary companions, suggesting that planets within the desert are
more similar to gas giant planets than the rocky, ultra-short period planets below the
desert. However, our result confirm that these desert-dwellers are unlikely to be the
photoevaporated cores of more massive gas giant planets. In the high-eccentricity
migration scenario, these unique planets could be the results of partial tidal disrup-
tion as they circularized onto their current orbits (Faber, Rasio, and Willems, 2005;
Guillochon, Ramirez-Ruiz, and D. Lin, 2011). Alternatively, Pezzotti et al. (2021)
suggest that if TOI-849b had a large initial mass and radius, it may instead have lost
its envelope to Roche-lobe overflow (RLO). This process can lead to mass-loss rates
far exceeding those from photoevaporation, and is predicted to be consequential for
planets on exceptionally short-period orbits (B. Jackson et al., 2017). While it likely
plays a role for the closest-in Neptune desert planets, the RLO mass-loss rate drops
off precipitously with orbital distance, so it cannot explain the entirety of the desert
(Koskinen et al., 2022).

Although these high density desert-dwelling Neptunes likely have very low present-
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day mass-loss rates, the picture for lower density Neptunes at the lower edge of the
desert is somewhat murkier. Previous modeling studies (Kurokawa and Nakamoto,
2014; Lundkvist et al., 2016; Ionov, Pavlyuchenkov, and Shematovich, 2018; Owen
and Lai, 2018) concluded that mass loss can be significant for planets near the
lower edge of the desert. Our result for HAT-P-26b appears to be consistent with
this prediction. TESS has identified a large sample of new planets near the lower
edge of the desert that are favorable targets for mass-loss measurements, making
this a promising area for future investigation. If planetary evolution is dominated
by photoevaporation in this mass regime, we also expect the lower boundary of
the desert to shift to smaller orbital periods for less luminous late-type stars (e.g.
McDonald, Kreidberg, and E. Lopez, 2019; Kanodia et al., 2021). If this prediction
can be confirmed observationally, it would constitute additional evidence for the
importance of photoevaporation in sculpting the lower part of the desert. With the
continued success of TESS and the ability to probe mass-loss rates with metastable
helium, we now have the means to unveil the divergent evolutionary pathways of
planets on either side of the Neptune desert.

6.7 Appendix: Limb Darkening Coefficients
In Figure 6.12, we present the posteriors on the limb darkening coefficients for all
stars analyzed in this work alongside calculations for the coefficients with ldtk
(Husser et al., 2013; Parviainen and Aigrain, 2015).

6.8 Appendix: Detrending Vector Selection
In Table 6.6, we summarize the ΔBIC values obtained when comparing models with
different combinations of detrending vectors.
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Figure 6.12: Posteriors on the quadratic limb darkening coefficients for all stars
analyzed in this work. Contours indicate the 1, 2, and 3𝜎 levels on the posterior
mass. The red star on each plot indicates the limb darkening coefficient in the helium
bandpass computed using ldtk (Husser et al., 2013; Parviainen and Aigrain, 2015).
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6.9 Appendix: Allan Deviation Plots
In Figure 6.13, we present the Allan deviation plots for all light curves analyzed in
this work.
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Figure 6.13: Allan deviation plots for all light curves analyzed in this work. The
rms of the binned residuals for each light-curve fit are shown with the black curves,
the red noise indicates the expectation from photon noise statistics, and the dashed
red line is the red line scaled up to match the first point of the black curve. The
photon noise values and scaling factors are given in Table 4.1.
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6.10 TESS Light-Curve Fit
In Figure 6.14, we present the light-curve fit for the WASP-177b TESS data. We
found a radius ratio in the TESS bandpass of 0.187+0.054

−0.036. The rest of the fit parameters
are given in Table 6.4 as this was a joint fit with the WIRC data.
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Figure 6.14: Same as Figure 6.2, but for the WASP-177b TESS data.

6.11 Appendix: The Parker Wind Model with Tidal Gravity
We demonstrate that a one-dimensional transonic Parker wind model should achieve
the sound speed:

𝑐s =

√︄
𝑘B𝑇0

�̄�𝑚p
(6.8)

within the planetary Roche lobe (𝑅s < 𝑅Roche) when the tidal gravity term is
considered (Murray-Clay, Chiang, and Murray, 2009; Tang and Young, 2020).
Here, 𝑀p is the planet mass, 𝐺 is the gravitational constant, 𝑘B is the Boltzmann
constant,𝑇0 is the isothermal outflow temperature, �̄� is the average molecular weight
as defined by Lampón, López-Puertas, Lara, et al. (2020), and𝑚p is the proton mass.
The sonic point without considering the stellar gravity is defined as:

𝑅s =
𝐺𝑀p

2𝑐2
s

=
𝐺𝑀�̄�𝑚p

2𝑘B𝑇0
. (6.9)

To derive the sonic point with tidal gravity considerations, we first write the full
momentum equation for the wind (e.g. Equation (2) from Murray-Clay, Chiang,
and Murray, 2009):

𝑣
𝑑𝑣

𝑑𝑟
+ 1
𝜌

𝑑𝑃

𝑑𝑟
+
𝐺𝑀p

𝑟2 − 3𝐺𝑀★𝑟

𝑎3 = 0. (6.10)
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As in the original Parker wind solution, we rewrite the pressure gradient term with a
density gradient using the derivative of the ideal gas law. We then rewrite the density
gradient term as a velocity gradient term using the derivative of the continuity
equation (a step-by-step walkthrough of this method is provided in Chapter 3 of
Lamers and Cassinelli, 1999). The result is:

1
𝑣

𝑑𝑣

𝑑𝑟
=

1
𝑣2 − 𝑐2

s

(2𝑐s

𝑟
−
𝐺𝑀p

𝑟2 + 3𝐺𝑀★𝑟

𝑎3

)
. (6.11)

The sonic point is the singular point of Equation (6.11) where the numerator and
denominator of the right-hand side both go to zero. The latter condition gives 𝑣 = 𝑐s,
identically to the original Parker wind solution. Requiring the numerator to go to
zero gives the cubic:

3𝐺𝑀★𝑟
3

𝑎3 + 2𝑐2
s𝑟 − 𝐺𝑀p = 0. (6.12)

This is the major difference from the Parker wind considered by Antonija Oklopčić
and Hirata (2018). Neglecting the tidal gravity term, we obtain the original sonic
point solution in Equation (6.9), but the general solution behaves differently:

𝑅s = 𝑎

(
3

√︄
𝑀1 +

𝑀p
2

3𝑀★

−
3

√︄
𝑀1 −

𝑀p
2

3𝑀★

)
, (6.13)

where 𝑀1 is further defined as:

𝑀1 =

√︄(𝑀p

2

)2
+

8𝑀2
★

81

( 𝑐s

𝑣K

)6
, (6.14)

and 𝑣K =
√︁
𝐺𝑀★/𝑎 is the Keplerian velocity. Equation (6.13) agrees with Equa-

tion (6.9) in the limit of large sound speed, but the crucial point here is to consider
the case where the sound speed is very small, corresponding to cold outflows.
Whereas the original sonic point solution would have these outflows fall outside the
Roche radius, in this limit 𝑀1 = 𝑀p/2, and substitution into Equation (6.13) yields
𝑅s = 𝑅Roche.

Therefore, when the sonic point in our original models (which neglected the tidal
gravity term) began to venture outside the Roche lobe, it meant that our model was
not providing an adequate representation of the density and velocity profiles, which
are dominated by the stellar gravity. In general, Equation (6.14) shows that stellar
gravity begins to dominate the outflow behavior when:

32
81

( 𝑐s

𝑣K

)6 (𝑀★

𝑀p

)2
≲ 1. (6.15)
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Expanding out the Keplerian velocity term on the left-hand side, this condition
scales with 𝑐6

s𝑎
3/(𝑀★𝑀

2
p ); therefore the tidal gravity term is important in planets

with cool outflows and planets in close proximity to more massive stars. For our
sample, the relevant quantities are approximately 𝑣K ∼ 100 km/s, 𝑐s ∼ 10 km/s,
and 𝑀p/𝑀★ ∼ 3 × 10−4, and Equation (6.15) is nearly satisfied, indicating that the
tidal gravity term in the momentum equation appreciably alters our results. The
new momentum equation (Equation 6.11) is readily integrated from the sonic point
(𝑅s, 𝑐s) to an arbitrary point (𝑟, 𝑣(𝑟)) to obtain the velocity profile:

𝑣(𝑟)
𝑐s

exp
(
− 𝑣(𝑟)2

2𝑐2
s

)
=

(𝑅s

𝑟

)2
exp

[
−
𝐺𝑀p

𝑐2
s𝑟

+
𝐺𝑀p

𝑐2
s𝑅s

− 3𝐺𝑀★𝑟
2

2𝑎3𝑐2
s

+
3𝐺𝑀★𝑅

2
s

2𝑎3𝑐2
s

− 1
2

]
, (6.16)

and using the continuity equation we can obtain the density profile:

𝜌(𝑟)
𝜌s

= exp

[
𝐺𝑀p

𝑐2
s𝑟

−
𝐺𝑀p

𝑐2
s𝑅s

+ 3𝐺𝑀★𝑟
2

2𝑎3𝑐2
s

−
3𝐺𝑀★𝑅

2
s

2𝑎3𝑐2
s

+ 1
2
− 𝑣(𝑟)2

2𝑐2
s

]
. (6.17)

The updated Parker wind structure has been included into the latest release of the
p-winds code (dos Santos et al., 2022).
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C h a p t e r 7

CONCLUSION

7.1 Synthesis of Results
In this thesis, we described a technique for measuring the mass-loss rates of extrasolar
planets using diffuser-assisted narrowband photometry, and we used this technique
to survey a population of gas-giant planets near the edge of the Neptune desert. In
Chapter 2, we demonstrated the power of diffuser-assisted photometry for ground-
based infrared measurements of transit light curves. The photometric precisions
we obtain in this work are among the best ever demonstrated from the ground in
the infrared. In Chapter 3, we coupled our beam-shaping diffuser to a custom
narrowband filter centered on the helium 1083 nm line. We showed that this system
could be used to reliably measure helium absorption signals in gas giant planets, and
that those signals could be interpreted using a one-dimensional isothermal Parker
wind model to obtain mass-loss rates. In Chapter 4, we applied our narrowband
photometric technique to three young planets in the V1298 Tau system, and we
detected a tentative signal for planet d. In Chapter 5, we refined the interpretation of
our absorption signals by considering the energetics of the one-dimension isothermal
Parker wind model. We found that many hot, strong outflows that match metastable
helium observations violate energy balance; by rejecting these models, we are
able to partially resolve the degeneracy between mass-loss rate and thermosphere
temperature.

Finally, in Chapter 6, we synthesized all of the observational and theoretical develop-
ments from the previous chapters. We used our narrowband photometry technique
to survey atmospheric loss in a sample of seven planets. Aided by the energetic
constraints from Chapter 5, we proceeded to fit the absorption signals from our study
using grids of one-dimensional isothermal Parker wind models, and compared the
resulting best-fit models to predictions from self-consistent hydrodynamical code
ATES (Caldiroli et al., 2021b; Caldiroli et al., 2021a). We were able to verify the re-
sults of the code to within our experimental uncertainties, and we used our results to
confirm that mass-loss efficiencies in the Neptune desert are far too small to explain
the upper boundary of the Neptune desert. We conclude that this boundary of the
exoplanet population is likely to be primordial; either it is a relic of tidal disruption
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during high-eccentricity migration (Matsakos and Königl, 2016; Owen and Lai,
2018) or it reflects the magnetospheric truncation radii of the natal protoplanetary
disks (Bailey and Batygin, 2018).

7.2 New Frontiers
Motivated by the results presented in this thesis, I now present a few ideas that might
be interesting avenues for future study.

The Neptune Desert and the Neptune Oasis
The majority of my work has thus far been relevant to the upper boundary of the
Neptune desert. This is largely because this region of the desert is far simpler to study
than other regions. Planets at the upper boundary of the desert are highly irradiated
and large in size with relatively low masses; as a result, they have large atmospheric
scale heights and are amenable to transit spectroscopy. It is usually a good idea to
study targets with the highest predicted signal-to-noise ratios first, and Chapter 6 is
far from unique in this approach (see e.g. the target list from Kirk et al., 2020). There
are certainly things left to learn in this high signal-to-noise regime. As suggested
in Chapter 6, our knowledge of interactions between the planetary and stellar winds
is incomplete, as is our understanding of the planetary magnetic field’s influence
on the outflow. There are numerous avenues for future studies using the metastable
helium line that may clarify these important physical mysteries. We should continue
to obtain precise line shape constraints at high-resolution, repeat observations with
an aim to constrain variability (due for instance to Kelvin-Helmholtz instabilities
at the interface between planetary and stellar winds, Wang and Dai, 2021b), and
attempt to observe helium emission from planetary daysides (J. Spake, priv. comm.)
in this already-informative sample of high-SNR planets.

At the same time, we are beginning to exhaust the list of good helium targets at
the upper boundary of the Neptune desert, at least in the northern hemisphere.
TESS will invariably add more targets to the sample, but it seems likely that we
will exhaust the pool of potential gas giant targets with detectable helium signatures
within the next few years. Additionally, the story emerging from Chapter 6 is that
mass loss does not play a consequential role in the evolution of gas giants. Now that
our observational techniques have been satisfactorily benchmarked on giant planets,
we should expand our studies to include lower-mass planets for which mass loss
should be far more consequential (Owen and Lai, 2018). While sub-Neptune planets
(𝑅p < 4𝑅⊕) have turned out to be quite challenging targets for mass loss observations
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in helium (Kasper et al., 2020), sub-Saturn planets (4𝑅⊕ < 𝑅p < 8𝑅⊕) on short
orbits (𝑃 < 10 days) are more observationally favorable and remain relatively
unexplored. This definition includes planets at the lower edge of the desert as well
as apparent desert-dwellers like TOI-849b (Armstrong et al., 2020) and LTT 9779b
(Jenkins et al., 2020).

This proposed direction is timely: over the past three years, TESS has completely
redefined the Neptune desert sample. To date, it has revealed 51 new Neptune desert
candidates with 4𝑅⊕ < 𝑅p < 8𝑅⊕ and 𝑃 < 10 d orbiting K-type stars, thought to be
the best stellar spectral type for helium observations (Oklopčić, 2019; Wang and Dai,
2021a). I have plotted the new 𝐾 star sample from TESS in Figure 7.1 alongside
the sample of previously-known planets in this size and period regime. Only 2
previously-known planets in this region (HAT-P-11b and HAT-P-26b) are bright
enough for precise measurements, and both exhibit signs of mass loss (Mansfield
et al., 2018; Allart et al., 2018). The large number of high-SNR targets in this
sample is quite encouraging. With existing facilities in the northern hemisphere
and new spectrographs coming online in the south (such as WINERED; Ikeda et al.,
2016), we should be able to hunt for outflows in Neptune desert planets across the
night sky.

Figure 7.1: (Left) Planetary radius-period distribution from (Owen and Lai, 2018),
with Neptune desert boundary from (Mazeh, Holczer, and Faigler, 2016) overplotted
in the red dashed line and the proposed Neptune desert sample highlighted in pink.
Green points are confirmed planets without measured masses, and blue points are
confirmed planets with measured masses. (Right) Proposed sample of close-in
Neptune desert planets orbiting K stars, with 11 confirmed planets (blue) and 51
TESS candidates, of which I will observe 20 systems (green). Size corresponds to
predicted SNR with WIRC; WINERED SNRs will be a factor of 2 higher.

Alongside this effort, a clearer view of the Neptune desert is certainly needed,
especially in the TESS era. Of particular importance is answering the question: do
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the boundaries of the Neptune desert evolve with stellar type? The lower boundary
might be expected to change purely because planets orbiting later-type stars are less
irradiated than planets orbiting earlier stars. Changes in the upper boundary, on
the other hand, may help clarify whether high-eccentricity migration (Matsakos and
Königl, 2016; Owen and Lai, 2018) or in situ formation near the magnetospheric
truncation radius (Bailey and Batygin, 2018) is responsible for this part of the
planetary population. Follow-up of TESS desert candidates is thus of the utmost
importance.

Flare-Driven Mass Loss
Late-type stars flare often, outputting large amounts of energy that can be intercepted
by their planets. In Chapter 5, we demonstrated that the second moment of the total
heating coefficient limits the efficiency with which intercepted energy is converted
to outflow heating. The heating coefficient depends on the neutral density profiles,
so efficiency must decrease with increasing incident flux. This is not taken into
account in many studies of flare-driven mass-loss (Atri and Mogan, 2021). In fact,
because radiative cooling can remove energy from the system at high incident fluxes,
the decrease in outflow efficiency is rather precipitous (Murray-Clay, Chiang, and
Murray, 2009; Salz et al., 2016; Caldiroli et al., 2021a). The integrated mass loss for
a flare event should thus be expected to be sub-linearly dependent on flare energy,
which is borne out by model calculations (Wang and Dai, 2021a).

An immediate consequence follows for planets irradiated by flaring stars: if they
receive the same integrated XUV luminosity, an atmosphere irradiated by many
small flares is less stable against photoevaporation than one irradiated by fewer
large flares. The smaller flares are absorbed with better efficiency, so more of the
incident flux can power the outflow. This simple argument implies a quantifiable
connection between photoevaporation physics and the amplitude and shape of the
flare-frequency distribution (FFD) of the host star. Given that the FFD amplitude
and shape are quite different for M stars and FGK stars (e.g. Feinstein et al., 2022),
flare-driven mass-loss may have left a unique imprint on the population of M-dwarf
planets probed by the TESS mission. As TESS continues to build up this population,
both demographic and single-system observational approaches will be crucial for
constraining the impact of flares on planetary atmospheres. On the demographic
side, we should search for trends in the radius gap and Neptune desert with stellar
type and/or flare rates; initial studies from Kepler and K2 already suggest that
the M-dwarf radius valley is different than that observed for FGK stars (Cloutier
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and Menou, 2020). Single-system approaches will also be valuable: by observing
outflows in metastable helium in a sample of flaring and non-flaring systems, we
may be able to gain insight into the role of flares in driving mass loss.

Atomic Spectroscopy of Exoplanet Atmospheres
We have learned quite a lot from studies of the metastable helium line, but it is
not the only atomic tracer of planetary upper atmospheres. At optical wavelengths,
H𝛼 can trace the atmospheres at similar altitudes to the helium triplet with most
detections being for planets orbiting hot stars rather than cool stars (Czesla et al.,
2022). In fact, there are nearly as many H𝛼 detections as there are metastable helium
detections in the literature, but the immense scientific value of these observations
have gone somewhat unrealized largely because we lack a successful interpretive
framework similar to Oklopčić and Hirata (2018) for H𝛼. The line cores of other
Balmer lines (e.g. Wyttenbach et al., 2020) and the optical sodium and potassium
features (e.g. Chen et al., 2017) can similarly reach large altitudes when observed
at high resolving power. A combined approach to modeling all of these lines would
substantially improve our understanding of upper atmospheric physics.

It is also unlikely that we have exhausted the catalogue of observable atomic features
in optical and infrared exoplanet spectra. There are likely to be more atomic
absorption lines available in public high-resolution datasets waiting to be discovered;
an excellent example is the recent discovery of the excited neutral oxygen triplet at
777 nm by Borsa et al. (2021) in archival CARMENES transit spectra of KELT-9b.
We have not even exhausted the list of features predicted by the earliest theoretical
studies of exoplanet transmission spectra (Seager and Sasselov, 2000), but with the
current class of high-throughput, high-resolution spectroscopic facilities, we now
have the ability to test their predictions.

Finally, as the field pushes towards characterizing the atmospheres of Earth-sized
planets, we will need escape tracers for high mean-molecular weight atmospheres.
Volatile element tracers like metastable helium and H𝛼 will not be suitable for these
purposes. The optical sodium and potassium lines could possibly trace terrestrial
outflows (Gebek and Oza, 2020). Additionally, taking inspiration from its abundance
in inner Solar System atmospheres, argon could be an ideal tracer. Argon has two
low-lying metastable energy levels similar to the 2 3S state of helium that gives rise
to the metastable helium line. The same ionization and recombination processes
that produce the metastable helium triplet could thus populate these argon states.
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In fact, when the Earth’s atmosphere experiences strong irradiation in the form of
lightning or aurorae, lines from the metastable states of argon are readily detectable
(Wallace, 1964; Burns et al., 2002). If we could observe argon in the atmospheres
of transiting exoplanets, we would gain unprecedented insight into the evolution of
terrestrial atmospheres.
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