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Abstract

Short-period gas giants, more commonly known as hot Jupiters, are the most well-studied
class of exoplanets to date. They are tidally locked into synchronous rotation around their
host stars, with permanent daysides and permanent nightsides. Around 100 hot Jupiters
have had their atmospheres characterized using infrared observations with the Spitzer and
Hubble space telescopes. This dissertation presents my work looking for trends in dayside
and nightside temperatures on hot Jupiters, using observations of secondary eclipses and
full-orbit phase curves. I compare and contrast the Spitzer phase curves of WASP-43b and
Qatar-1b, two planets that receive the same amount of irradiation from their host stars,
yet unexpectedly have very different bright spot offsets: WASP-43b exhibits a significant
eastward shifted bright spot, whereas the bright spot of Qatar-1b is consistent with no
such shift. The discrepancy in circulation patterns points to the importance of secondary
parameters like rotation rate and surface gravity, the presence or absence of clouds, and
magnetic effects in determining atmospheric conditions on hot Jupiters. Using a larger
suite of phase curves and their corresponding longitudinal brightness maps, I show that
all hot Jupiters have nightside temperatures around 1100 K, which we attribute to a
universal nightside cloud composition, the most likely culprit being silicate clouds. Lastly,
I show how to use Bayesian hierarchical models to simultaneously fit multiple Spitzer
secondary eclipses of hot Jupiters. For repeated observations of a single planet, this
allows us to pool information across epochs and robustly measure dayside temperature
variability. For observations of multiple planets, this enables us to share information
across different planets by accounting for the expectation that dayside temperatures scale

with instellation. In both cases, estimates of parameters like secondary eclipse depths



Abstract

benefit from improved precision. Hierarchical modelling is useful for all statistical surveys
of exoplanets, and this work helps to set the stage for surveys that will be undertaken

with upcoming next-generation space telescopes like James Webb and Ariel.
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Résumé

Les gazeuses géantes possédant une courte période orbitale, plus communément appelées
“Jupiters chaudes”, sont la classe d’exoplanetes la mieux étudiée a ce jour. Pour ces
planetes, on observe une synchronisation entre la rotation autour de leur axe et la
révolution autour de leur étoile hote. De plus, ces planetes sont caractérisées par leur
présentation permanente de la méme face a leur étoile, résultant en des faces distinctes et
permanentes diurne et nocturne de la planete. Des données obtenues avec les télescopes
spatiaux Spitzer et Hubble nous ont permis de caractériser I’atmosphere d’une centaine de
Jupiters chaudes. Cette these résume ’ensemble de mon travail servant a ’exploration
des tendances des températures des faces diurne et nocturne des Jupiters chaudes, a
partir d’observations d’éclipses secondaires et de courbes de phase d’orbite complete.
En premier lieu, je compare les courbes de phase Spitzer de WASP-43b et de Qatar-
1b. Quoique ces deux planetes regoivent la méme quantité d’irradiation de leurs étoiles
hotes, elles présentent, étonnement, des décalages de points lumineux tres différents :
WASP-43b a un point brillant significativement décalé vers l'est, alors que nous avons
trouvé que le point brillant de Qatar-1b n’a pas ce décalage. La divergence des modeles
de circulation souligne I'importance des parametres secondaires, tel que la période de
rotation et la gravité de surface, la présence ou ’absence de nuages ainsi que les effets
des champs magnétiques, dans la détermination des conditions atmosphériques sur les
Jupiters chaudes. En utilisant une collection de courbes de phase et leurs cartes de
luminosité longitudinale correspondantes, je démontre que toutes les Jupiters chaudes
ont des températures nocturnes d’environ 1100 K. Nous attribuons cette observation a

une espece universelle de nuages nocturnes, probablement, étant des nuages de silicate.

il



Résumé

Finalement, j'applique des modeles hiérarchiques Bayésiens pour ajuster simultanément
plusieurs éclipses secondaires Spitzer de Jupiters chaudes. Pour les observations répétées
d’une seule planete, cela nous permet de mettre en commun les informations entre les
époques et de mesurer de maniere robuste la variabilité de la température diurne. Pour
les observations de plusieurs planetes, cela nous permet de partager les informations en-
tre les différentes planetes en tenant compte du fait que les températures diurnes sont
proportionnelles a l'instellation. Dans les deux cas, les estimations de parametres, tels
que les profondeurs d’éclipse secondaire, bénéficient d’'une amélioration en termes de
précision. La modélisation hiérarchique est utile pour toutes les études statistiques des
exoplanetes, et permet de préparer le terrain pour les études qui seront faites avec les

télescopes spatiaux de nouvelle génération a venir, comme James Webb et Ariel.
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Journal Letters. Chapter 3 was published in Nature Astronomy. The manuscript in Chap-
ter 4 was published in The Astronomical Journal. Lastly, the manuscript in Chapter 5 is

currently under review in Monthly Notices of the Royal Astronomical Society.
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Contribution to original knowledge

This doctoral work contributed to the detailed understanding of two individual hot
Jupiter exoplanets, as well as to the understanding of statistical trends across dozens
of hot Jupiters.

In Chapter 2, I describe our paper titled “Revisiting the Energy Budget of WASP-43b:
Enhanced Day-Night Heat Transport” (Keating and Cowan, 2017). In this paper we
showed that the published full-orbit phase curve of WASP-43b was unphysical because
it required negative brightness on the planet’s nightside, or a negative nightside temper-
ature. After correcting the unphysical regions of the phase curve, we showed that the
planet’s nightside temperature was in fact close to 1000 K. Additionally, we showed that
the dayside flux of the planet was likely overestimated because the authors of the original
paper had neglected reflected light when interpreting the Hubble Wide Field Camera 3
measurements.

Chapter 3 describes our paper titled “Uniformly hot temperatures on short period
gas-giants” (Keating et al., 2019), which was a meta-analysis of twelve hot Jupiters with
published full-orbit phase curves from Spitzer and Hubble. A few of these planets had the
same issues of unphysical phase curves, so we implemented two ways of correcting the
phase curves. One used disk-integrated temperatures, and the other considered longitu-
dinal brightness maps. Using both methods we showed that hot Jupiters all seem to have
the same nightside effective temperature, ~1100 K, despite having dayside temperatures
that span a range of 2000 K between the coldest and hottest planet. We attributed this
to a common nightside cloud species that condenses at a temperature slightly higher than

~1100 K and emits at a cloud top temperature of ~1100 K. Based on cloud condensation
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curves and the range of temperatures and pressures probed by Spitzer, these are most
likely silicate clouds. Our paper was the first to point out this common nightside effective
temperature and attribute it to a common cloud species.

Chapter 4 presents “Smaller than expected bright-spot offsets in Spitzer phase curves
of the hot Jupiter Qatar-1b” (Keating et al., 2019). This was the first published Spitzer
phase curve observations of Qatar-1b, a hot Jupiter that has the same irradiation tem-
perature as WASP-43b and HD 209458b. 1 used two separate reduction and analysis
pipelines, in order to compare the best-fit phase curve parameters for Qatar-1b. This
had never been done by a single author before because at the time Spitzer pipelines
were proprietary to each research group. We found that the phase curve of Qatar-1b
was consistent with its brightest spot being located at the substellar point, despite pre-
dictions that the bright spot would be shifted eastward as was observed for WASP-43b
and HD 209458b. The differences in dayside heat advection in these three planets points
to the importance of secondary physical parameters for understanding the atmospheric
circulation of hot Jupiters.

In Chapter 5 “Atmospheric characterization of hot Jupiters using hierarchical models
of Spitzer observations” (Keating et al., 2020), we present the first application of Bayesian
hierarchical modelling to atmospheric characterization of hot Jupiters. Hierarchical mod-
elling is a powerful way of sharing information across observations of disparate targets,
or repeated observations of the same target. We showed hierarchical models make better
predictions than the types of analyses typically performed on suites of multiple observa-
tions. Additionally, we did not find evidence of a previously observed trend that hotter

planets are brighter at 4.5 ym than 3.6 ym
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The works in Chapters 2 to 5 were completed under the supervision of Dr Nicolas B.
Cowan at the McGill Department of Physics and Department of Earth and Planetary
Science. The work in Chapter 4 was co-supervised by Dr Kevin B. Stevenson at the
Space Telescope Science Institute.

The manuscript that comprises Chapter 2 was published in The Astrophysical Journal
Letters in November 2017 and is authored by myself and Nicolas B. Cowan. N.B.C.
discussed ideas and contributed to writing the manuscript. I wrote the code, performed
the analysis, and wrote the bulk of the manuscript.

The manuscript presented in Chapter 3 was published by Nature Astronomy on August
26 2019 and is authored by myself, Nicolas B. Cowan, and Lisa Dang. I collected the
published phase curve parameters, wrote the code to perform the analysis, and wrote the
bulk of the manuscript. N.B.C. discussed ideas and contributed to writing the manuscript.
L.D. provided the Spitzer analysis pipeline, and helped analyze two phase curves.

The manuscript in Chapter 4 was published in The Astronomical Journal in May 2020,
and is authored by myself, Kevin B. Stevenson, Nicolas B. Cowan, Emily Rauscher, Jacob
L. Bean, Taylor Bell, Lisa Dang, Drake Deming, Jean-Michel Désert, Y. Katherina Feng,
Jonathan J. Fortney, Tiffany Kataria, Eliza M.-R Kempton, Nikole Lewis, Michael R.
Line, Megan Mansfield, Erin May, Caroline Morley, and Adam P. Showman. K.B.S. was
the principal investigator of the observing proposal that the data were taken from. K.B.S
co-wrote the Spitzer reduction and analysis pipeline POET, and taught me how to use it.
I reduced and analyzed the two Spitzer phase curves and wrote most of the manuscript

with help from K.B.S. and N.B.C. E.R. contributed text to the discussion regarding GCM
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predictions and clouds. L.D. and T.B. cowrote the other pipeline that I used. All authors
contributed useful feedback and edits to the manuscript.

The manuscript in Chapter 5 is currently under review in Monthly Notices of the Royal
Astronomical Society. Shortly before submitting this dissertation, I received notice from
the journal that the reviewer recommended the manuscript for publication contingent
upon some moderate revisions. I wrote the code, performed the analysis, and wrote
the manuscript. N.B.C. discussed ideas, gave valuable feedback, and helped edit the

manuscript.
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1 Introduction

It has been just over a quarter century since we first learned that stars other than the
Sun also host planets. Over 4000 exoplanets have been confirmed since then, and the
latest estimates suggest that the majority of stars are likely to host planets (Gaudi et al.,
2020). Remarkably, nearly all of the known planets are unlike the solar system planets
in terms of radius, mass, and orbital period. Some of these are several times the size
of Earth— so-called super-Earths, like the lava planet 55 Cnc e (McArthur et al., 2004;
Fischer et al., 2008; Dawson and Fabrycky, 2010), which receives so much heat from its
star that its rocky surface might be molten. There are also multi-planet systems, like
the archetypal TRAPPIST-1 system, whose seven planets all orbit their host star closer
than the distance between Mercury and our Sun. Still others seem to be straight out of
science fiction: circumbinary planets like TOT 1338b (Kostov et al., 2020), or the triple-
star terresterial planet LTT 1445Ab (Winters et al., 2019).

Most planets have been discovered using two methods: the transit method and the
radial velocity method. A transit occurs when a planet passes in front of its host star,
blocking out a fraction of starlight. Transit surveys stare at the night sky continuously to
look for stars that periodically decrease in brightness due to a planet passing in front of
its host star. The radial velocity method is more subtle— as a planet orbits its host star,
it exerts a gravitational force and causes the star to wobble slightly. By measuring the
Doppler shift in stellar spectral lines as this occurs, it is possible to measure the line-of
sight velocity and infer a lower limit on the mass of a planet.

Two less common planet detection methods are microlensing and direct imaging. Mi-

crolensing uses unseen planets as gravitational lenses to focus the light and temporarily



1 Introduction

brighten dim background stars. Direct imaging is conceptually the simplest method, be-
cause it amounts to taking a resolved image of the planet orbiting its star. It is also
the most challenging in practice because it requires sufficiently massive, hot planets far
enough away from their host stars, for which there are not many examples. Direct imag-
ing has only been used to observe about a dozen planets. For the time being, indirect
methods are the most successful ways to study exoplanets.

This thesis will focus on a class of planets known as hot Jupiters, gas giants similar in
radius and mass to Jupiter but with extremely short orbital periods around their host
stars. Of all the nearby F, G, and K type stars, 1% are believed to host hot Jupiters
(Wright et al., 2012). Their close-in orbits means that hot Jupiters receive extreme
amounts of stellar flux, 1000—10000 times more flux than Earth receives from the Sun.
Based on their ages they are expected to be tidally locked into synchronous rotation,
with permanent daysides that face towards their host stars, and permanent nightsides
that face the darkness of space (Showman and Guillot, 2002). This leads to atmospheric

dynamics unlike those seen for the solar system gas giants.

1.1 Observing hot Jupiters

Hot Jupiters are not resolvable from their host stars with current telescope capabilities.
Fortunately, most of the hot Jupiters we know of are transiting planets, and we can study
them indirectly by measuring the combined flux from the planet and star. Stars that host
hot Jupiters emit most of their radiation at visible wavelengths, whereas hot Jupiters emit
most of their radiation in the infrared. For this reason, infrared observations yield the
highest signal-to-noise ratio for hot Jupiter atmospheric emission.

As a hot Jupiter orbits its star the total flux of the system changes periodically, which
can be used to make a differential measurement. When a planet transits, the fraction
of blocked light, or transit depth, gives the ratio of the planetary radius to stellar ra-
dius at the observing wavelength. A half orbit later, during the secondary eclipse, the

planet passes behind the star. Just before and after the eclipse, the combined planetary
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star + planet nightside

transit

star — planet shadow

Figure 1.1: Depiction of a phase curve of a transiting planet from Winn (2010). A full-
orbit phase curve is a measurement of the changing flux as a planet orbits
its host star. During a transit, the planet blocks out a significant amount
of starlight. The transit depth is equal to the ratio of the planetary radius
divided by the stellar radius, all squared. A secondary eclipse is sometimes
called an occultation. Just before and after the secondary eclipse, the planets
dayside is visible, which manifests as an increase of the total flux. Subtracting
the stellar flux gives the dayside flux of the planet, which can be used to
calculate the planets dayside brightess temperature.
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and stellar flux peaks, as the hot dayside of the planet is visible. When measuring in
the infrared, this gives the ratio of the dayside planetary flux to the stellar flux, which
can be used to calculate the dayside brightness temperature of the planet. Between the
transit and eclipse the sinusoidal phase variations of the planet are observable, as differ-
ent parts of the planet are revealed. The phase variations can be used to measure the
disk-integrated brightness temperature as a function of orbital phase, and also to infer
the longitudinal brightness map of a planet (Cowan and Agol, 2008). The amplitude of
the phase variations can be used to measure the nightside temperature of a planet.

In all, a full-orbit phase curve consists of a transit, a secondary eclipse, and phase
variations, and is the best way to test theoretical predictions for hot Jupiter atmospheric
dynamics. See Figure 1.1 for a cartoon depiction. Because hot Jupiter orbital periods

are typically a few days or less, it is feasible to continuously observe an entire orbit.

1.2 The Spitzer space telescope

Most hot Jupiter atmospheric characterization has been done using the Spitzer and Hub-
ble space telescopes, as well as using ground-based photometry and high resolution spec-
troscopy. This thesis will mainly focus on phase curve and secondary eclipses observations
taken with the Spitzer space telescope. An artist’s depiction of the telescope can be seen
in Figure 1.2. Spitzer was not originally designed to observe exoplanets, but exoplanet
science turned out to be a big part of its legacy (Deming and Knutson, 2020). Their large
size and hot temperatures mean that hot Jupiters were the best candidates to study with
Spitzer, which made the first detections of infrared light emitted by a transiting planet
(Deming et al., 2005; Charbonneau et al., 2005). The lessons learned from adapting
Spitzer to perform hot Jupiter science helped to refine and greatly extend the original
mission (Deming and Knutson, 2020; Ingalls et al., 2016).

In its first phase, the telescope was cryogenically cooled and could observe photomet-

rically at 3.6 pm, 4.5 pm, 5.8 um, and 8 pum using the Infrared Array Camera (IRAC)
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Figure 1.2: Artist’s depiction of the Spitzer space telescope. Courtesy: NASA/JPL-
Caltech

instrument (Fazio et al., 2004), and spectroscopically at 5.3 ym to 38 pum using the In-
frared Spectrograph (IRS) instrument (Houck et al., 2004). This phase lasted from 2003
to 2009, when the telescope ran out of cryogen. Only a handful of planets were observed
using the full capabilities of IRAC and IRS. The subsequent Spitzer Warm Mission, which
lasted until early 2020, allowed for Channels 1 and 2 (3.6 um and 4.5 um) of IRAC to
be used despite the lack of cryogen. Most exoplanet observations were performed during
the Warm Mission.

Although we can’t study individual exoplanets with the same detail as we can study the
solar system planets, comparative exoplanetology has the advantage of sheer numbers. In
total, IRAC observations have been used to study the atmospheres of around a hundred
hot Jupiters by observing transits, secondary eclipses, and planetary phase variations at
3.6 and 4.5 um (Cowan and Agol, 2011a; Sing et al., 2016; Schwartz and Cowan, 2015;
Schwartz et al., 2017; Parmentier and Crossfield, 2018; Zhang et al., 2018; Keating et al.,
2019, 2020; Baxter et al., 2020; Bell et al., 2020).

1.3 Predictions

Early predictions for hot Jupiter atmospheric circulation used general circulation models

(GCMs), which are also used to model Earth’s climate. GCMs solve the Navier-Stokes
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equations of fluid motion for large scale atmospheric flows. They are computionally inten-
sive to run, so most use various levels of approximations to make them computationally
tractable (Fortney et al., 2021).

No matter the level of sophistication, all hot Jupiter GCMs predict qualitatively sim-
ilar features (Heng and Showman, 2015). For instance, the large day-night temperature
differences should lead to several-kilometer per second winds in the atmospheres of hot
Jupiters that transport heat from their daysides to their nightsides. These winds would be
fastest at the equator and directed eastward, the same direction as the planet’s spinward
rotation (Showman and Guillot, 2002). The hottest part of a hot Jupiter atmosphere is
predicted to be shifted to the east of the substellar point. Additionally, the atmospheric
dynamics should depend strongly on the amount of incoming stellar radiation, quantified
by the irradiation temperature Ty = Tog \/% , where T, is the stellar effective tempera-
ture and % is the ratio of the stellar radius to the semi-major axis of the planet’s orbit.
In other words, the irradiation temperature depends on how hot the star is, how big the

star is, and how closely the planet orbits.

1.4 Early phase curve results

The first continuous phase curve was observed for HD 189733b, and spanned just over
half an orbit (Knutson et al., 2007). It was taken at 8 um using the Infrared Array
Camera onboard the Spitzer space telescope. The phase curve showed that the brightest
longitude of HD 189733b’s atmosphere was shifted 16 + 6° east of the substellar point, as
seen in Figure 1.3. The planet had a hot dayside temperature, 12124+ 11 K, and a cooler
but still hot nightside temperature of 973 + 33 K, meaning that HD 189733b transports
a moderate amount of heat from its dayside to its nightside.

The amount of heat a planet can transport from its dayside to its nightside is deter-
mined by two competing timescales. The radiative timescale is how fast a planet can
re-radiate the flux it receives, and the advective timescale is how fast the planet can

transport heat from one hemisphere to another. The radiative timescale is inversely
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I

Sun-Facing Longitude

[Grid Spacing: 30°)

Global Temperature Map for Exoplanet HD 189733b  Spitzer Space Telescope * IRAC
NASA / JPL-Caltech / H. Knutson [Harvard-Smithsonian CfA) ssc2007-09a

Figure 1.3: The first map of an extrasolar planet, for the hot Jupiter HD 189733b (Knut-
son et al., 2007). The brightest part of the planet’s atmosphere is shifted
16 £ 6° east of the substellar point, matching predictions from general circu-
lation models. Courtesy: NASA /JPL-Caltech
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related to planetary irradiation temperature, raised to the third power (Showman and
Guillot, 2002; Cowan and Agol, 2011a). The advective timescale is inversely related to
the wind speed. Planets that receive more irradiation from their host stars are expected
to transport heat less efficiently from day to night.

Subsequent phase curve measurements confirmed significant eastward offsets and day-
night heat transport for other hot Jupiters, like HD 209458b, which has a higher irradia-
tion temperature than HD 189733b. The phase curve of HD 209458b showed an offset of
40 + 6° east (Zellem et al., 2014). The measured dayside temperature was 1499 + 15 K
and the nightside temperature was 972 4+ 44 K, which means that HD 209458b is less
efficient at transporting heat from day to night than HD 189733b, in line with predictions
(Showman et al., 2008).

All else being equal, two hot Jupiters that receive the same amount of stellar irradi-
ation should have the same atmospheric circulation patterns. Any discrepancies must
be due to other differences, like rotation rate, mass, radius, or metallicity. Comparing
two planets with the same irradiation temperature, but different planetary and stellar
physical parameters should help untangle the effects of those secondary parameters. The
planet WASP-43b has the same irradiation temperature as HD 209458b, but a higher
mass, smaller radius, and shorter rotational period. The initial published phase curves
suggested that WASP-43b had a hot dayside but was emitting no heat from its nightside,
meaning it transported no heat from day to night (Stevenson et al., 2014, 2017), unlike

GCM predictions for this planet (Kataria et al., 2015).

1.5 Nightside temperatures

Dayside temperatures on hot Jupiters are predicted and observed to increase proportional
to their irradiation temperatures (Schwartz and Cowan, 2015; Schwartz et al., 2017;
Garhart et al., 2020; Baxter et al., 2020; Bell et al., 2020). For nightside temperatures

the picture is more complicated: planets must reradiate all the flux they receive, and the
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timescale for this to happen depends strongly on the amount of incoming stellar flux. The
more flux a planet receives, the faster it radiates the flux back to space. The wind speed
and hence advective time scale are thought to be determined by the complex interplay
of physical processes in hot Jupiter atmospheres: magnetic effects, coriolis forces, gravity
waves, and hydrogen dissociation all conspire to set the wind speeds (Komacek and
Showman, 2016; Komacek et al., 2017; Zhang and Showman, 2017; Bell and Cowan, 2018;
Tan and Komacek, 2019). There is no simple prediction for how nightside temperatures

should scale with irradiation temperature.

1.6 Bayesian inference

Most exoplanet research makes use of Bayesian methods to fit astrophysical models to
observations. For instance, we may be interested in the amplitude and offset of a planet’s
phase variations, which in the simplest case can be described by a sinusoid with an am-
plitude and offset. Bayesian inference allows us determine the most likely values of the
amplitude and offset, along with how certain (or uncertain) we are about these values,
given the data and any prior knowledge.

Bayes’ theorem states that the probability of a model’s parameters, given the data, is
proportional to the probability of the data given the model parameters multiplied by the
ratio of the prior probabilities (Gelman et al., 2014; McElreath, R., 2020). Mathemati-

cally, Bayes’ theorem looks like:

P(data | model) P(model)
P(data) '

P(model | data) = (1.1)

The term on the left is called the posterior, the first term in the numerator on the right is
called the likelihood, the second term in the numerator is called the prior, and the term in
the denominator is called the marginal likelihood; these are all probability distributions.
To make inferences, we use the posterior probability to calculate the most probable values
and uncertainties for our model parameters.

For some models, we can analytically calculate the posterior. For low-dimensional
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models with no analytic solution, their posteriors can be approximated by trying many
combinations of parameters values and calculating the likelihood; this is known as a
grid search. A grid search quickly becomes intractable as the number of parameters is

increased; we must instead approximate the posterior by sampling from it in a clever way.

1.6.1 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) is an efficient and accurate way of estimating the
shape of a posterior probability distribution by drawing samples that are representative
of that distribution. To use a real-world example, this is similar to the way that a well-
constructed opinion poll is representative of the larger population.

There are many different MCMC algorithms, but the basics remain the same. The
idea is that many combinations of model parameters are so unlikely that they contribute
almost nothing to the probability distribution. An MCMC sampler is comprised of one
or more “chains” that traverse through probability space using a random walk combined
with a proposal algorithm that is related to the ratios of probabilities of two locations in
the joint parameter space. Rather than trying all combinations of model parameters, the
chains traverse in and around regions that contribute appreciably to the posterior. When
the number of samples is large enough, the samples represent an accurate estimate of the
true posterior (Gelman et al., 2014; McElreath, R., 2020), enabling us to make inferences

about the model parameters.

1.7 Rationale, Hypothesis, and Objectives

This doctoral work consists of four studies of atmospheric circulation on hot Jupiters that
address several outstanding questions from the literature.
The first study, Chapter 2, is a reanalysis of the published phase curves of WASP-43b.

Despite receiving the same amount of stellar flux as HD 209458b, the planet WASP-43b

10
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seemed to transport no heat from day to night, which was not predicted by GCMs. We
noticed that in the original WASP-43b phase curve paper, the authors’ best-fit model was
physically impossible because it required negative nightside flux. We proposed that this
was due to mishandling of instrumental systematics, and that correcting the phase curves
would show that the planet had a cooler dayside, and hotter nightside, than originally
reported.

Zooming the lens out a bit, Chapter 3 examines nightside temperatures for twelve
planets with published Spitzer phase curves. Hot Jupiter dayside temperatures were
predicted and observed to increase proportionally to the their irradiation temperatures,
but it was unknown what sort of trend the nightside temperatures would follow. The
measurements are harder to make, because full-orbit phase curves are necessary. I col-
lected published phase curves at multiple wavelengths from twelve planets at a range of
irradiation temperature, and used them to infer the nightside effective temperatures for
all twelve planets using Gaussian process regression. Some phase curves implied unphys-
ical, negative nightside flux, so it was necessary to correct for this in order to obtain
a robust temperature estimate. By combining phase curves at multiple wavelengths, I
estimated the bolometric flux and nightside effective temperatures for twelve hot Jupiters
at a range of irradiation temperatures. I fit several predictive models to the observed
nightside effective temperatures in order to test predictions.

The manuscript in Chapter 4 presents an analysis of Spitzer phase curve observations
of Qatar-1b, a planet with the same irradiation temperature as HD 209458b and WASP-
43b. Because they have the same incoming stellar flux, any differences in circulation
patterns between the three planets can be attributed to secondary planetary parameters
like rotation rate, radius, or mass. In order to determine the eclipse depth, phase curve
amplitude, and bright spot offset of Qatar-1b, I used two reduction and analysis pipelines
to obtain time series photometry at 3.6 pm and 4.5 pm, and fit the data using MCMC to
obtain best-fit parameters values and uncertainties. Lastly, I compared the values that I
found for Qatar-1b to the published values for HD 209458b and WASP-43b to test the

importance of secondary parameters on atmospheric circulation patterns.
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Finally, the field of exoplanet characterization is in a transitional period. Despite not
being designed for exoplanet science, Spitzer was used to characterize hundreds of hot
Jupiters in the infrared. Next generation space telescopes like James Webb and Ariel
have been designed with exoplanets in mind. Ariel is completely dedicated to exoplanets
and will survey ~1000 planets in the near infrared. The best way to make the most of this
huge number of observations is to use Bayesian hierarchical modelling, which is a power-
ful and intuitive way of sharing information across disparate observations. Hierarchical
models are routinely used in other fields, but have not yet been applied to exoplanet
atmospheric characterization. In preparation of forthcoming exoplanet surveys, I tested
hierarchical modelling on Spitzer data in Chapter 5. I used hierarchical models to fit a
suite of ten repeated eclipse observations of the hot Jupiter XO-3b to search for dayside
variability, and then to simultaneously fit 74 eclipse observations of 37 planets. This

helps set the stage for surveys with James Webb and Ariel.
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2 Revisiting the Energy Budget of
WASP-43b: Enhanced day-night

heat transport

Prologue

This Chapter presents a second look at the full-orbit phase curves of the well-studied hot
Jupiter WASP-43b, by considering the planet’s longitudinal brightness maps and account-
ing for dayside reflected light. Initially WASP-43b seemed to be an oddball because its
published phase curves suggest abnormally low (negative) flux is being emitted from its
nightside. Additionally, the original paper neglected reflected light in the near infrared,
but this is not a safe assumption to make if the planet has an appreciable geometric
Albedo. As this Chapter will show, accounting for both the unphysical negative flux and

dayside reflected light has important implications for the energy budget of WASP-43b.
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2.1 Abstract

The large day—night temperature contrast of WASP-43b (Stevenson et al., 2014, 2017)
has so far eluded explanation (e.g., Kataria et al., 2015). We revisit the energy budget
of this planet by considering the impact of reflected light on dayside measurements,
and the physicality of implied nightside temperatures. Previous analyses of the infrared
eclipses of WASP-43b have assumed reflected light from the planet is negligible and can
be ignored. We develop a phenomenological eclipse model including reflected light and
thermal emission and use it to fit published Hubble and Spitzer eclipse data. We infer a
near-infrared geometric albedo of 24£1% and a cooler dayside temperature of 1483410 K.
Additionally, we perform lightcurve inversion on the three published orbital phase curves
of WASP-43b and find that each suggests unphysical, negative flux on the nightside. By
requiring non-negative brightnesses at all longitudes, we correct the unphysical parts of
the maps and obtain a much hotter nightside effective temperature of 1076 & 11 K. The
cooler dayside and hotter nightside suggests a heat recirculation efficiency of 51% for
WASP-43b, essentially the same as for HD 209458b, another hot Jupiter with nearly the
same temperature. Our analysis therefore reaffirms the trend that planets with lower
irradiation temperatures have more efficient day-night heat transport. Moreover, we
note that 1) reflected light may be significant for many near-IR eclipse measurements
of hot Jupiters, and 2) phase curves should be fit with physically possible longitudinal
brightness profiles — it is insufficient to only require that the disk-integrated lightcurve

be non-negative.

2.2 Introduction

In many ways, the hot Jupiter WASP-43b (Hellier et al., 2011) is like other planets of
this classification. It has a radius of 1.036 + 0.019 Ry, a mass of 2.034 £+ 0.052 Mj, and
an orbital period of 0.81 days (Gillon et al., 2012). However, unlike other hot Jupiters,
it orbits a fairly cool K7V star. Secondary eclipses of WASP-43b have been observed in

multiple photometric bands (Wang et al., 2013; Blecic et al., 2014; Chen et al., 2014; Zhou
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et al., 2014). Full orbit phase curves from Hubble Space Telescope Wide Field Camera 3
(WFC3) using the G141 grism (1.1-1.7 um), and Spitzer Infrared Array Camera (IRAC)
at 3.6 and 4.5 pum, were used to retrieve phase resolved emission spectra (Stevenson
et al., 2014, 2017). Emission and transmission spectroscopy measurements with WFC3
were used by Stevenson et al. (2014) to determine the precise amount of water in the
atmosphere of WASP-43b. The planet’s transit times are consistent with a constant
period and show no evidence of orbital decay (Hoyer et al., 2016).

Previous analyses of WASP-43b reported an eastward hotspot offset that is typical of
hot Jupiters and almost nonexistent heat transport from dayside to nightside (Stevenson
et al., 2014; Schwartz and Cowan, 2015; Schwartz et al., 2017). The three-dimensional
atmospheric circulation models of Kataria et al. (2015) were able to provide a good match
to the WFC3 dayside emission spectrum and were able to reproduce the eastward offset
by invoking equatorial superrotation. The model nightside, however, was too bright (hot)
compared to the low measured nightside flux. Nightside clouds have been postulated as
a way to explain the low measured nightside flux (Kataria et al., 2015; Stevenson et al.,
2017). Clouds or not, if the observations are taken at face value, then WASP-43b does
a poor job of moving heat from day to night. This is in stark contrast to theoretical
expectations and empirical trends, both of which favor increasing day—night temperature
contrast with increasing irradiation (Cowan and Agol, 2011a; Perez-Becker and Showman,
2013; Schwartz and Cowan, 2015; Komacek and Showman, 2016).

All analyses of HST/WFC3 1.1-1.7 um exoplanet secondary eclipses have assumed
that the reflected light component in this bandpass is negligible compared to the thermal
emission component. Lépez-Morales and Seager (2007) showed that thermal emission
dominates reflected light for highly irradiated hot Jupiters with low Bond albedo and
inefficient heat redistribution. Previous studies have found that most hot Jupiters have
very low geometric albedos at optical wavelengths (Rowe et al., 2008; Kipping and Spiegel,
2011; Heng and Demory, 2013; Dai et al., 2017) and it has since been taken for granted
that reflected light is also negligible in the near infrared. However, Lopez-Morales and

Seager (2007) also showed that for planets with efficient heat redistribution and Bond
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albedo of 50%, reflected light can instead dominate thermal emission in the near infrared.
Schwartz and Cowan (2015) found a systematic offset between Bond albedos inferred from
thermal phase variations and geometric albedos obtained from visible light measurements;
they suggested that hot Jupiters may reflect 30-50% of incident near-infrared radiation.

If a hot Jupiter reflects light at a given wavelength, then the eclipse depth will be
greater, and one will infer too high a dayside temperature if the reflected light is ignored.
Since total bolometric flux is proportional to the fourth power of temperature, even a
small change in temperature leads to a significant change in bolometric flux.

With the notable exception of the earliest high-cadence phase curve measurements
(Knutson et al., 2007, 2009), exoplanet researchers have been content to publish phase
curve parameters without worrying about the particular brightness distribution that could
give rise to such a lightcurve (Cowan and Agol, 2008). Instead, theorists have taken the
extra step of producing mock observations, which can be compared to the real thing.
In the few cases where theory and the observations have not matched up, it has been
attributed to missing physics in the models, rather than unphysical phase curves.

In Section 2 of this letter, we revisit the dayside measurements, accounting for reflected
light to obtain a new dayside effective temperature for WASP-43b. In Section 3, we revisit
the nightside measurements, correcting for negative brightnesses at certain longitudes, to
obtain a new nightside effective temperature. In Section 4, we use these two new effective
temperatures to re-estimate the Bond albedo and heat recirculation efficiency for WASP-

43b, and we discuss the implications for that planet as well as other hot Jupiters.

2.3 Thermal Plus Reflected Eclipse Model

Immediately before and after a secondary eclipse, the flux we observe from a planet is

some combination of reflected starlight and thermal emission

F day Rp ’ B, (Tday) Rp ’
— A |2 A\ day) [ 2P 2.1
F, g ( a ) + BA(T*) R, ( )
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(Cowan et al., 2007). The eclipse depth, Fy.,/F, is the ratio of the planet’s dayside
flux to the stellar flux at a particular wavelength. The star’s brightness temperature at
this wavelength is T}, and Tg,, is the planet’s dayside brightness temperature at that
wavelength. The geometric albedo, Ay, is the fraction of starlight that the planet reflects
back toward the star (and hence the observer), and is also wavelength dependent. The
planetary and stellar radii are given by R, and R, respectively, and a is the semimajor
axis of the planet’s orbit.

Given an eclipse depth, the geometric albedo and dayside brightness temperature are
inversely related, as can be seen in Figure 2.1. For the Spitzer/IRAC 3.6 and 4.5 pum
channels, thermal emission dominates and the reflected light term can be ignored. Even a
geometric albedo in excess of unity can only account for a small fraction of the measured
flux. For the HST/WFC3 1.1-1.7 um wavelengths, the reflected light component is
usually also neglected. However as Figure 2.1 shows, the WFC3 eclipse depths can be
attributed solely to reflected light for even modest values of geometric albedo — in this
case ~ 40%, which is consistent with estimates of Bond albedos for hot Jupiters (Schwartz
and Cowan, 2015), and theoretical predictions of geometric albedo for very hot planets
(Sudarsky et al., 2000).

In general, we expect different brightness temperatures at different wavelengths as
they should probe different depths in the atmosphere. However, Figure 1 of Schwartz
and Cowan (2015) shows that the aggregate broadband brightness temperature spectrum
of 50 hot Jupiters is flat and featureless. They attributed this to a vertically isothermal
atmosphere, optically thick clouds, or both. Even without clouds, the band-integrated in-
frared dayside brightness temperatures of hot Jupiters are predicted to be within ~100 K
of the dayside effective temperature; using brightness temperatures in three broadbands
to estimate the dayside effective temperatures for these planets should only introduce a
systematic error of 4-5% (Cowan and Agol, 2011a). For our analysis we treat the dayside
atmosphere of WASP-43b as isothermal and fit its emission with a blackbody.

We use the model of reflected light plus thermal emission from eq. (2.1) to fit the
published secondary eclipse depths of WASP-43b from HST/WFC3 and Spitzer /IRAC
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Figure 2.1: Degeneracy between thermal emission and reflected light for WASP-43b. The
lo constraints from two published eclipse depths are shown. When A, = 0,
only thermal emission contributes to the eclipse depth. As A, is increased,
the amount of thermal emission decreases, and consequently so does Tjay.
Only two wavelengths are shown here for clarity, but the following trend
holds: the Spitzer IRAC eclipse depth lines never touch the horizontal axis for
physically possible values of geometric albedo, meaning Spitzer measurements
require thermal emission regardless of the value of A,. For the HST/WFC3
measurements, the eclipse depths can be attributed solely to reflected light if
the geometric albedo is ~ 40%. It may not be safe to ignore reflected light in
the HST/WFC3 1.1-1.7 pm bandpass.

(Stevenson et al., 2014, 2017); schematically, this is simply where the swaths intersect in
Figure 2.1, but incorporating all of the eclipse depths. We used a Phoenix stellar model
for the spectrum of the host star (Allard et al., 2000). A gray reflectance was assumed,
meaning a constant albedo for all wavelengths (in practice this should be taken to be the
albedo in the WFC3 bandpass). We follow the lead of Stevenson et al. (2017) and fit only
the WFC3 and Spitzer data. Unsurprisingly, our model is also a bad fit to the ground-
based photometric data (see Table 2.1). We omit data in the water band (1.35-1.6 um)
from our fit.! Using a Markov Chain Monte Carlo (Foreman-Mackey et al., 2013), we fit
for the planet’s geometric albedo and the dayside temperature. We find A, = 0.2440.01

and Tya.y = 1483 + 10 K. A thermal-only model, with dayside temperature as the only

"'We get a good match to data in the H,O band between 1.35-1.6 um by fitting the characteristic water
feature from Iyer et al. (2016). However, the fitting is completely empirical and provides no additional
information about the atmosphere of WASP-43b.
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Table 2.1: Fit statistics for different combinations of eclipse depth data. We adopt the
parameters from the fit that omits the water band, and incorporates only
WFC3 and Spitzer data, in order to be consistent with Stevenson et al. (2017).

Data Used Model Thay (K) A, Nparams  Naata X2 x?/Datum  BIC

WFC3, Spitzer, no water band Thermal 4+ Reflected 1483 4+ 10 0.24 +0.01 2 9 53 5.9 58
WFC3, Spitzer, no water band Thermal Only 1575+ 7 1 9 333 37 335
All, no water band Thermal + Reflected 1331 +482 0.36 +£0.18 2 22 332 20 337

All, no water band Thermal Only 1728 + 163 1 22 614 47 616

parameter, yields Ty, = 1575+ 7 K. The Bayesian Information Criterion (BIC; Schwarz,
1978) is much lower for the reflected plus thermal model than the thermal-only model
(A BIC = 277), meaning we can strongly reject the thermal-only model in favor of the
model with reflected light. Our fits are summarized in Table 2.1.

Omitting the water band data means we are unable to directly compare A BIC be-
tween our toy model and the 6-parameter spectral retrieval of Stevenson et al. (2017).
A full atmospheric retrieval, with the addition of reflected light, may be necessary for
a statistically and physically complete model of WASP-43b’s dayside. A comprehensive
understanding of the dayside of WASP-43b should also address why the ground-based

data disagree with the models.

2.4 Reuvisiting the phase variations of WASP-43b

Since WASP-43b is on a circular, edge-on orbit and expected to be tidally locked, we
can use Equation 7 from Cowan and Agol (2008) to invert the phase curves, F(§), into
longitudinally resolved brightness maps, J(¢), where £ is the planet’s phase angle (£ =0
at secondary eclipse, & = 7 at transit), and ¢ is longitude from the substellar point
(where —7/2 < ¢ < 7/2 is the dayside of the planet). Since the phase curves were each
fit using the fundamental frequency and its first harmonic (one and two cycles per orbit,
respectively), the corresponding brightness maps also have two sinusoidal frequencies.
Higher frequencies in the map are assumed to be zero, following Cowan and Agol (2008).
As can be seen in Figure 2.3, all three published phase curves require certain longitudes on
the nightside of WASP-43b to have negative brightness, which is physically impossible.

To properly estimate the nightside temperature of this planet, we require a map with
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Figure 2.2: WFC3 and Spitzer IRAC eclipse depths fit with the two different toy models.
The black points are the WFC3 and Spitzer points. The water band points
(in blue) are omitted from the fits. Photometric eclipse depths in different
bands are shown but are also not incorporated in the fits, following (Stevenson

et al., 2014). The reflected light plus thermal emission model is preferred over
the thermal-only model (ABIC = 277).

non-negative brightness values at all longitudes.

For each brightness map, J(¢), we keep the map as-is but set the negative brightnesses
to zero. We then compute the phase curve for this doctored map using (Cowan and Agol,
2008):

—¢+3
P& = [ Io)os(o+ o (22

Evaluating this phase curve at £ = m gives the ratio of disk-integrated nightside flux

to stellar flux, Fuene. We then calculate a nightside brightness temperature at each

he che/XRT -1
To(\N)=—|Inl1l4+ ———— 2.3
b( ) Ak |: " ( * Fnight/dtra ):| ’ ( )

wavelength using

where 0y, = (R,/R,)? is the transit depth. For the brightness temperature of the star at a
given wavelength, T, we use Phoenix stellar grid models. Applying this technique to the
three published phase curves, we obtain nightside brightness temperatures of 1173+12 K,
697 + 55 K, and 706 4+ 26 K, for the WFC3 and Spitzer 3.6 and 4.5 pm observations,

respectively. The uncertainties were estimated using a 10° step Monte Carlo.
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We compute the error weighted mean of the brightness temperatures to estimate an
average nightside temperature and propagate uncertainties via Monte Carlo. We obtain
a value of T, = 1076 £ 11 K, much higher than the previous value 254 + 182 K, estimated
by Schwartz and Cowan (2017), who also used the error weighted mean and propagated
uncertainties via Monte Carlo. The new nightside temperature is significantly higher
than the previous value (> 4o discrepant).

If our updated brightness temperatures are taken at face value, then the nightside
of WASP-43b bears a striking resemblance to the predicted emission spectrum of an
isolated brown dwarf with an effective temperature of 600 K (Morley et al., 2012). It
must be noted, however, that while setting certain longitudes on a planet’s brightness
map to zero is better than having negative values, it is still unrealistic. Even neglecting
irradiation, hot Jupiters are predicted to have a remnant heat of formation of 50-75 K
(Burrows et al., 2006). Our nightside brightness temperatures and effective temperature

are probably best thought of as lower limits.

2.5 Discussion & Conclusions

Using our dayside and nightside temperature estimates, we can infer the planet’s Bond

albedo, Ag, and heat recirculation efficiency, ¢, using the equations from Cowan and Agol

(2011a),
9 5 1/4
Ty = To(1 — Ap)'* (g - E€> : (2.4)
g\ 1/4
T, = To(1 — Ap)4 (1) , (2.5)

where Ty = T,/ R./a is the planet’s irradiation temperature. Both Ag and e range from
0 to 1.

We use a 10° step MCMC to propagate uncertainties and find Ag = 0.3 + 0.1 and
e = 0.51 £ 0.08. We plot the 1o contour in the Ag— plane in Figure 2.4. The Bond

albedo and heat recirculation efficiency were previously found to be Ap = 0.361)15 and
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e = 0.01700] (Schwartz et al., 2017), while Stevenson et al. (2017) reported Ag = 0.197005
and £ = 0.0027000,.2 Our revised estimate of the Bond albedo is consistent with previous
estimates, and indeed with the NIR geometric albedo we inferred above (this may be a
coincidence, as only a small fraction of the incident stellar flux is in the WFC3 band). Our
heat transport efficiency, on the other hand, is much greater than previously reported.

By demanding physically possible brightness maps, our estimate of the planet’s energy
budget has changed dramatically. Our updated energy budget puts WASP-43b in the
same part of Ag—¢ parameter space as HD 209458b, and in line with the trend that
planets with lower irradiation temperatures have higher heat recirculation (WASP-43b
and HD209485b have similar irradiation temperatures). In other words, WASP-43b is no
longer an outlier with inexplicably low day-night heat transport. The models of Kataria
et al. (2015) may not be missing crucial physics after all.

Doctoring the brightness maps of WASP-43b is the best one can do without completely
refitting the phase curves. For best results, the condition of non-negative brightness maps
should be used as a constraint when fitting phase curve parameters simultaneously with
astrophysical and detector noise sources.

Additionally, we have found that reflected light matters in the near infrared for WASP-
43b, and by extension for other hot Jupiters. Previous estimates of the dayside tempera-
ture of WASP-43b were probably too high, because reflected light may make up a signif-
icant portion of the light measured in the WFC3 1.1-1.7 um bandpass. Reflected light
has been neglected for all other planets with WFC3 dayside emission spectra, including
TrES-3b, WASP-4b, WASP-12b, WASP-33b, WASP-103b CoRoT-2b, HD 189733b, and
HD 209458b — these planets may also exhibit reflected light in the near infrared, and

merit a second look.
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Figure 2.3:
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Brightness maps corresponding to the three full orbit phase curves of WASP-
43b (Stevenson et al., 2014, 2017). Here ¢ is the longitude from the substellar
point and the nightside of the planet is shown as the grey shaded area. All
three phase curves require negative brightnesses at certain longitudes, which
is unphysical. The red line shows where we doctor the maps by setting the
brightness to zero.
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Figure 2.4: Energy budget of WASP-43b. The blue region is the 1o contour after our
reanalysis. We also plot the best fit values and uncertainties for WASP-
43b before correcting the brightness maps and for HD 209458b, both from
Stevenson et al. (2017). WASP-43b no longer hugs the bottom of the plot
after our reanalysis, but is now similar to HD 209458b, which we would expect
given the similar irradiation temperatures of the two planets (Cowan and
Agol, 2011a; Perez-Becker and Showman, 2013; Schwartz and Cowan, 2015;

Komacek and Showman, 2016).
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Epilogue

Since the publication of the manuscript in this Chapter, there have been several reanalyses
of the WASP-43b observations. Louden and Kreidberg (2018) refit the WFC3 phase
curve, and found a hot nightside brightness temperature of 1290 + 39 K. They also found
that including a simple reflected light model decreased their dayside temperature by
several hundred degrees.

The Spitzer phase curves have been rereduced and reanalyzed in four different papers
(Mendonga et al., 2018; Morello et al., 2019; May and Stevenson, 2020; Bell et al., 2020).
Their nightside brightness temperature estimates were 914+ 75 K, 730+ 97K, 838 +65 K,
and 640+ 105 K respectively. Our estimate of 1076 =11 K was higher, most likely due to
the more simplified treatment we used. Regardless, all reanalyses agree that the planet
does in fact transport heat from day to night.

Three of the analyses suggest that WASP-43b transports heat from day to night less
efficiently than HD 209458b, which has the same irradiation temperature but a longer
rotational period and smaller surface gravity. Chapter 4 presents an analysis of a third
planet with the same irradiation temperature: Qatar-1b. For now, the next chapter
will examine nightside temperatures for a suite of hot Jupiters with different irradiation

temperatures.
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on short-period gas giants

3.1 Prologue

This chapter describes a study of the nightside temperatures on twelve hot Jupiters us-
ing their published near-infrared phase curves. I performed a meta-analysis of multiple
phase curve papers from different authors, using the published phase curve results and
parameters for each planet. It turns out that WASP-43b was not the only planet with
problematic phase curves— the planets WASP-14b and HAT-P-7b also had 3.6 um phase
curves with negative nightside flux, which makes it impossible to estimate their nightside
effective temperature properly. Building on the work in the previous Chapter, I imple-
mented two methods to correct for unphysical maps, and combined nightside brightness
temperatures at multiple wavelengths to estimate nightside effective temperatures for

each planet using Gaussian process regression (Pass et al., 2019).
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3.2 Abstract

Short-period gas giants (hot Jupiters) on circular orbits are expected to be tidally locked
into synchronous rotation, with permanent daysides that face their host stars, and perma-
nent nightsides that face the darkness of space (Showman and Guillot, 2002). Thermal
flux from the nightside of several hot Jupiters has been measured, meaning energy is
transported from day to night in some fashion. However, it is not clear exactly what the
physical information from these detections reveals about the atmospheric dynamics of hot
Jupiters. Here we show that the nightside effective temperatures of a sample of 12 hot
Jupiters are clustered around 1100 K, with a slight upward trend as a function of stellar
irradiation. The clustering is not predicted by cloud-free atmospheric circulation models
(Komacek et al., 2017; Komacek and Tan, 2018; Zhang and Showman, 2017). This result
can be explained if most hot Jupiters have nightside clouds that are optically thick to
outgoing longwave radiation and hence radiate at the cloud-top temperature, and pro-
gressively disperse for planets receiving greater incident flux. Phase curve observations
at a greater range of wavelengths are crucial to determining the extent of cloud coverage,
as well as the cloud composition on hot Jupiter nightsides (Morley et al., 2017; Tinetti
et al., 2018).

3.3 Main Text

We collected published full orbit, infrared phase curves for twelve hot Jupiters: CoRoT-
2b (Dang et al., 2018), HAT-P-7-b (Wong et al., 2016), HD 149026b (Zhang et al., 2018),
HD 189733b (Knutson et al., 2012), HD 209458b (Zellem et al., 2014), WASP-12b (Cowan
et al., 2012), WASP-14b (Wong et al., 2015), WASP-18b (Maxted et al., 2013), WASP-
19b (Wong et al., 2016), WASP-33b (Zhang et al., 2018), WASP-43b (Stevenson et al.,
2014, 2017; Mendonga et al., 2018; Louden and Kreidberg, 2018), and WASP-103b (Krei-
dberg et al., 2018). We also included the brown dwarf KELT-1b (Beatty et al., 2019).
We calculated the nightside brightness temperatures from the phase curve parameters,

and used Gaussian Process regression to estimate each planet’s bolometric flux, and sub-
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sequently its disk-integrated nightside effective temperature. Several of the published
phase curve fits imply negative nightside disk-integrated flux, which is unphysical, be-
cause it implies that the planets have negative brightness at some longitudes on their
surface. We explain how we handled these cases in the Methods section. Future phase
curve observations should be fit with the constraint that flux is non-negative everywhere
on the planet. We also inferred nightside temperatures by considering and modifying
negative brightness maps, which is similar in spirit to demanding positive phase curves
and brightness maps when fitting the data. The mapping approach yielded a nightside
temperature trend consistent with that of the disk-integrated approach.

In Figure 3.1 we show the dayside and nightside effective temperatures plotted against
the stellar irradiation temperature, Ty = Ti+/ R, /a, were T, is the stellar effective temper-
ature, R, is the stellar radius, and a is semi-major axis. The nightside temperatures are
all around 1100K and exhibit a slight upward trend with stellar irradiation. We tabulate
the dayside temperature, nightside temperature, Bond Albedo, and heat recirculation
efficiency for each planet in Table 3.1. While this paper was under review, a similarly
flat trend for nightside brightness temperature was reported (Beatty et al., 2019).

Various theories have suggested that reradiation (Showman and Guillot, 2002), advec-
tion, wave propagation (Komacek and Showman, 2016), molecular dissocation (Bell and
Cowan, 2018), coriolis forces, and magnetic drag could all play a role in atmospheric
circulation on hot Jupiters. Models predict that the amount of day-night heat recircu-
lation depends sensitively on planetary properties and the amount of stellar irradiation
each planet receives, which vary between individual hot Jupiters (Komacek et al., 2017;
Komacek and Tan, 2018; Zhang and Showman, 2017).

We fit the nightside temperatures using two models of atmospheric heat transport. The
qualitative behaviour of each model is shown in Figures 3.8 and 3.9. The first model is
a semi-analytic energy balance model incorporating atmospheric radiation and advection
(Cowan and Agol, 2011b), and predicts nightside temperatures given the planetary and
stellar properties. We fit for two parameters: a common wind velocity, and P /g, where

the latter quantity is the mass per unit area of the active layer of the atmosphere, that

29



3 Uniformly hot nightside temperatures on short-period gas giants

is, the layer that responds to instellation. The model was updated recently to include
the effects of hydrogen dissociation and recombination, by solving the Saha equation
to determine the amount of hydrogen dissociated at a given atmospheric temperature
and the resulting heat sinks/sources (Bell and Cowan, 2018). Hydrogen dissociation and
recombination is predicted to significantly increase heat transport in ultra-hot Jupiters
(Bell and Cowan, 2018; Komacek and Tan, 2018).

The second model is an analytic, dynamical model incorporating radiation, advection,
magnetic drag, coriolis forces, and gravity waves (Komacek and Showman, 2016). This
model predicts—rather than prescribes—the wind velocities for each hot Jupiter, and
was shown to qualitatively match predictions of day-night temperature contrast from
general circulation models. The model was recently updated to include the effects of
hydrogen dissociation, albeit in a greatly simplified form (Komacek and Tan, 2018). As
the magnetic field strengths of hot Jupiters are unknown to orders of magnitude (Yadav
and Thorngren, 2017), we chose to neglect magnetic drag, but note that magnetic drag
can potentially depress day-night heat transport for planets with very strong magnetic
fields (~ 100 G). We fit for a universal P /g, hence this model has only one fit parameter.

For each model fit, we performed a grid search in parameter space to find the parameters
that minimize x2. Models that allow for hydrogen dissociation provide better fits to the
data than those without, even though this does not increase the number of parameters.
The best fit model predictions can be seen in Figure 3.2. The semi-analytic energy
balance model incorporating hydrogen dissociation yielded the best fit of all the models
we considered. In the context of the energy balance model, the trend in observed nightside
temperatures suggests that all hot Jupiters have similar wind velocities, contrary to
predictions.

Alternatively, dynamical predictions may be correct, but ultimately overshadowed by
optically thick nightside clouds. Clouds are predicted to be present on the nightsides of
all hot Jupiters (Parmentier et al., 2016; Powell et al., 2018; Roman and Rauscher, 2019),
but the cloud composition depends on the temperature, pressure, and cloud formation

physics. Observationally, nightside clouds have been previously invoked to explain non-
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detections of nightside flux (Kataria et al., 2015; Wong et al., 2015; Stevenson et al.,
2017). The nightside temperature trend — or lack thereof — implies that the hot Jupiters
in our study all have nightside clouds that emit at similar temperatures. Vertical mixing
sets the cloud top pressure, so in principle we could be seeing cloud tops from different
cloud species that all happen to have similar vertical cloud-top temperatures.

A simpler explanation is that hot Jupiters all have the same species of nightside clouds,
which condense at a similar cloud-base temperature. The emitting temperature corre-
sponds to the cloud-top temperature, which would be slightly cooler than the condensa-
tion temperature. These clouds would emit thermal radiation around the same effective
temperature, and block outgoing longwave radiation from below, requiring clouds with
large grains. Potential cloud species include manganese sulfide or silicate clouds, based
on condensation curves (Parmentier et al., 2016). As we show in Figure 3.3, the nightside
infrared colours are roughly isothermal. The similarity of the brightness temperature
between Spitzer bandpasses implies that they are probing parts of the atmosphere with
similar temperatures, consistent with optically thick clouds.

Incorporating radiative feedback and detailed cloud microphysics is computationally
intensive, which is the reason many studies have used cloud-free general circulation mod-
els, and post-processed clouds afterwards using the resulting temperature-pressure profiles
and cloud condensation curves. However, post-processing of exoplanet clouds can lead
to different predictions of cloud coverage, phase offsets, and day-night temperature con-
trasts than more intricate models (Roman and Rauscher, 2019; Powell et al., 2018). Fully
three-dimensional models incorporating realistic cloud physics and heat transport due to
hydrogen chemistry are clearly needed in order to properly understand hot Jupiters span-
ning the full range of irradiation temperatures. Realistic treatments of magnetic effects
may be necessary for the hottest planets (Arcangeli et al., 2019; Yadav and Thorngren,
2017). On the observational front, spectroscopic phase curve observations at longer wave-
lengths (Morley et al., 2017), with the Mid-Infrared Instrument onboard the James Webb
Space Telescope(Bean et al., 2018), and with the Atmospheric Remote-sensing Infrared

Ezxoplanet Large-survey(Tinetti et al., 2018), will make it possible to characterize the
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Table 3.1: Dayside temperatures, nightside temperatures, and energy budget parameters
for twelve hot Jupiters. We also include the brown dwarf KELT-1b. Our heat
recirculation parameter, e, ranges from 0, for no day-night heat recirculation,
to 1, for perfect day-night heat recirculation (Cowan and Agol, 2011a). Ag is

the Bond Albedo.

T() K Tday K Tnight K A B g
HD 189733b 1636+14 1279468 979458  0.16011  0.59012
WASP-43b 2051453  1664-£69 984467  0.22013  (.270.07
HD 209458b 2053438  1393+70 1015486  0.52008 (.5191
CoRoT-2b 2175447  1631+67 792464  0.4809° (.130.0%
HD 149026b 2411459  1883+106 1098+201 0.33014 (.25018
WASP-14b 2654443 23514142 12674111 0.12044  0.22009
WASP-19b 2995452 21814133 986+233  0.54%1, 0.19)2
HAT-P-7b 3211475  2678+158 15074285 0.21916 0.22017
KELT-1b 3391429 29224132 1128+108 0.18%12 0.060:93
WASP-18b 3412449 28944206 8154463  0.26317  0.01997
WASP-103b 3530499  2864+122 15284108 0.27012 (.19006
WASP-12b 3636121 26304258 12564386 0.53016  0.130:23
WASP-33b 3874104 31014206 1776165 0.28016 (.250.11

dominant cloud species on hot Jupiter nightsides.
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Figure 3.1: Dayside and nightside effective temperatures for twelve hot Jupiters, and

one brown dwarf (KELT-1b). Top panel: Dayside temperatures for the hot
Jupiters in our analysis are proportional to the planets’ irradiation tempera-
tures, Ty = Ti/ R, /a, where T, is the stellar effective temperature, R, is the
stellar radius, and a is semi-major axis. The error bars correspond to the 1o
confidence intervals. To guide the eye, we plot the equilibrium temperature
Twq = (1/4)Y4T,. Bottom panel: Nightside effective temperatures. The error
bars correspond to the 1o confidence intervals. Nightside temperatures are
all around 1100K with a slight upward trend.
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Figure 3.2: Best-fit models for the nightside temperatures of twelve hot Jupiters. Top
panel: Best fit analytic, dynamical models (Komacek and Showman, 2016;
Komacek and Tan, 2018; Zhang and Showman, 2017). The error bars corre-
spond to the 1o confidence intervals. The model including hydrogen dissocia-
tion is a much better fit (x?/datum = 4.5) than the model without (x?/datum
= 8.5), but in both cases the model predicts greater planet-to-planet variance
due to differences in predicted wind speeds. The wind speed depends on the
gravity wave propagation timescale, which itself depends on the radius and
mass of a planet. Differences in radius, mass, and rotation rate of these plan-
ets lead to variance in the predicted nightside temperatures. Bottom panel:
Best fit semi-analytic energy balance models, using a common wind speed
for all twelve planets (Cowan and Agol, 2011a; Bell and Cowan, 2018). The
error bars correspond to the 1o confidence intervals. The model that includes
hydrogen dissociation is a better fit (x?/datum = 3.4) than the one without
(x?/datum = 4.3), with Ax? = 11. The energy balance model, with a com-
mon wind speed for all twelve planets, is a better fit to the data than the
analytic model, but neither fullgfcaptures the trend.
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Figure 3.3: Difference in brightness temperatures at Spitzer wavelengths 3.6 pum and
4.5 pm for the ten planets with both 3.6 ym and 4.5 um phase curves. The

error bars correspond to the lo confidence intervals.

Top Panel: Dayside

brightness temperature colours. Cooler planets have blue IRAC colours (con-
sistent with Hy0 absorption), while hotter planets are isothermal or slightly
red. Bottom Panel: Nightside brightness temperature colours. Half of the
planets have nightside brightness temperature colours consistent with zero,
meaning their nightside brightness temperatures are similar at both wave-
lengths. The rest are within 20 of zero.
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3.6 Methods

We estimated nightside effective temperatures with two different methods. We outline

the methods in the sections that follow.

3.7 Method 1: Disk-Integrated Flux

Our fiducial analysis used the disk-integrated flux, from phase curves, to estimate effec-
tive temperatures. Previous efforts have used weighted averages or linear interpolation
(Cowan and Agol, 2011b; Schwartz and Cowan, 2015; Schwartz et al., 2017). We used
Gaussian Process regression (GP), to estimate the bolometric flux, and subsequently ef-
fective temperature and uncertainty given a handful of brightness temperatures, as it has
recently been shown to produce more accurate uncertainty estimates (Pass et al., 2019).

The disk-integrated nightside brightness temperature is given by

he ehe/ AT _ 1\ 7171
b,night (A) Nk |: n ( T Fnight/étra > :| ’ (3 )

where \ is the wavelength of the observation, T, is the brightness temperature of the star
at that wavelength, di., is the transit depth, and Fjgy is the planet-to-star flux ratio at

a phase angle of 7, where phase angle is defined to be 0 at secondary eclipse.

3.7.1 Propagation of Uncertainties

As the most common Spitzer decorrelation techniques have been shown to produce accu-
rate, reproducible results (Ingalls et al., 2016), we chose to take all positive phase curves
at face value. To estimate uncertainties on each planet’s disk-integrated nightside flux
and brightness temperature, we propagated uncertainties on planetary and stellar prop-
erties, and phase curve parameters, using a 1000 step Monte Carlo. The relevant physical
properties are: the stellar effective temperature, stellar surface gravity, stellar metallicity,
transit depth, and ratio of semi-major axis to stellar radius. We took the most up-to-date
values from the literature. For each draw, we randomly sampled each parameter from a

Gaussian centered on each best-fit published value, with the width given by the published
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uncertainty. This gives an approximately Gaussian probability density function for the
nightside flux Prob(F},) = f(7T,,), where F}, is the nightside flux.

To calculate the brightness temperature for each nightside flux value, we inverted
the Planck function at each flux to obtain a probability density function for nightside
brightness temperature, 7;,. This can be thought of as transforming the nightside flux
probability density function to a function of nightside temperature through a change of

variables. We have,
dF,

Prob(T,) = g(Fn(Tn))d_na

(3.2)

where F),(T,) is the Planck function (as a function of temperature, holding wavelength
fixed), and Z% is the derivative of the Planck function with respect to temperature. This
transformation is only defined for positive fluxes and temperatures.

For most of the planets in our study, the nightside flux distribution is well above zero.
The nightside temperature probability distribution also has a Gaussian-like shape, so we
used the peak and width for our best-fit and uncertainty values. We took the average
of the upper and lower limits when using the brightness temperatures to infer effective
temperatures.

For planets with low or negative nightside flux, parts of the nightside flux probability
distribution do not correspond to physical temperatures. This is typically interpreted to
be a strong non-detection of nightside flux. Mathematically this is allowed, but physically,
negative fluxes and temperatures are impossible. An example is HAT-P-7b at 3.6um,
where the peak of the probability density function Prob(F,,) is negative. In this case we
set the best-fit flux, and hence brightness temperature, to zero, and used the width of the
nightside flux distribution to calculate a 1o upper limit on the brightness temperature,
which we used as the error when estimating the bolometric flux. For planets with small
but non-zero nightside flux (like WASP-18b at 3.6um), a significant part of the flux
distribution is negative, and the lower part gets truncated when converting to errors in
brightness temperature. In these cases, we used the upper limit on brightness temperature
when estimating bolometric flux and effective temperature, which is more conservative

than taking the average of the upper and lower limits.
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3.7.2 Brightness Temperature Difference Plot

To generate Figure 3.3, we used a 1000 step Monte Carlo. For each step in the Monte Carlo
we calculated the difference between the 3.6 um and 4.5 pm brightness temperatures. We

took the mean and standard deviation of the distribution of differences for each planet.

3.8 Method 2: Mapping Method

We also calculated dayside and nightside temperatures by considering the brightness
maps implied by each phase curve. For a planet on a circular, edge-on orbit, its orbital
phase curve can be analytically inverted into a longitudinal brightness map (Cowan and
Agol, 2008). WASP-14b has the highest eccentricity of the sample, e = 0.08. General
circulation models using a small eccentricity (e = 0.15) predict negligible differences in
circulation patterns compared to circular orbits (Lewis et al., 2010). For our purposes
we treated the orbits of WASP-14b and the lower eccentricity planets in our sample as
circular. We defined the phase curves to be F(§), where ¢ is the planet’s phase angle
(¢ = 0 at secondary eclipse, £ = 7 at transit). The corresponding brightness maps are
defined as J(¢), where ¢ is longitude from the substellar point. We set F'({ = 0) equal
to the eclipse depths, and obtained the map parameters analytically (Cowan and Agol,
2008).

Phase curves provide weak constraints on North-South asymmetry of planets (Cowan
et al., 2013, 2017). It is possible to determine the latitudinal distribution using eclipse
mapping, but so far this has only been done for HD 189733b at 8 um (Majeau et al., 2012;
de Wit et al., 2012; Rauscher et al., 2018). We therefore marginalize over the uncertainty
in latitudinal brightness distributions when constructing the two-dimensional bolometric
flux maps.

From the bolometric flux maps for the twelve planets, we obtained an estimate of the

dayside and nightside effective temperatures of each planet.
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3.8.1 Latitudinal Brightness Profiles

Longitudinal maps, J(¢), are weighted by the visibility of the observer, since the phase
curve measures the disk-integrated flux from the planet. For an equatorial observer (a
zero-obliquity planet orbiting edge-on), the longitudinal maps are related to the two-
dimensional brightness distribution as a function of planetary co-latitude and longitude,
1(6, ), by
J(6) = / " 1(6,0) sin? 0do. (3.3)
0

One of the powers of sine comes from the area element in spherical coordinates, and
the other comes from the visibility for an equatorial observer. The longitudinal map
J(¢) effectively integrates over the latitudinal dependence of I(¢,8). We adopted the
simplifying assumption that (¢, #) is separable, and accounted for our ignorance of the
latitudinal dependence of brightness by letting it vary as sin” # with a polar brightness

Io1e. The expression is

IA(@) — Tlpore/2
fow sin®t7 0d#

I\(9,0) = ( ) sin” 6 4 Ipo1e(1 — sin” 0), (3.4)

where I is a constant representing the intensity at the poles. The full derivation can
be found at the end of the Methods section. The v = 0 case represents perfect poleward
heat transport, or a constant temperature in the latitudinal direction. In the Rayleigh-
Jeans limit of long wavelength, 1(#) o< T(6), and thus 1(8) o T(#) o sin*/*(6) for no
poleward heat transport, that is, v = 1/4. To be conservative, we drew samples from the
range 0 < v < 1, as we find that the value of v doesn’t drastically affect our calculated
quantities. In Figure 3.11 we show how the value of v changes the latitudinal brightness
profile.

The brightness temperature map is related to the intensity map by the inverse Planck

function

T, I

where T is the brightness temperature from Phoenix stellar models (Allard et al., 2011).

40



3 Uniformly hot nightside temperatures on short-period gas giants

3.8.2 Brightness Temperatures to Effective Temperatures

From the wavelength dependent brightness maps in Equation (3.5), we inferred effective
temperature maps. If the full spectrum at each location was known, one could inte-
grate it to get the effective temperature at each location. Instead, we must estimate
the bolometric flux by interpolating between, and extrapolating from, a few brightness
temperatures. The Gaussian process regression used for the disk-integrated analysis is
too computationally expensive to use at each location on the planet. We instead approxi-
mated the effective temperature via the error weighted mean (Schwartz and Cowan, 2015;
Schwartz et al., 2017) of the brightness temperatures (or, in practice, the arithmetic mean
of brightness temperatures, but embedded in a Monte Carlo). We adopted systematic
uncertainties calibrated by performing such estimates on synthetic spectra (Pass et al.,
2019). We took the arithmetic mean of the individual brightness temperatures at each

location as an estimate of the effective temperature,

Tur(6,0) = — 3 Tha(,0), (36

where n is the number of wavelengths. We propagated errors in a Monte Carlo fashion.
From T4 (¢, 0) we calculated the disk-integrated dayside and nightside effective temper-

atures using the Stefan-Boltzmann law,

1 w/2 T
Thay = —/ / Tfﬁ(qﬁ, 0) sin 6dfdo, (3.7)
2m —n/2J0
and
1 —7/2 T
Thight = — / T (6, 0) sin 0dOdé. (3.8)
27 )2 0

We also calculated the Bond albedo, the fraction of incoming stellar power that the

planet reflects to space,
$ Tz (6, 0) sin 0dOdg
Ty '

Ag =1 (3.9)

For day-night heat recirculation, we computed the ratio of heat radiated by the night-
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side to the total heat radiated by the planet,

[252 [T (6,0) sin 6d6de

/2

§ T (,0) sin 6dfd¢

P = (3.10)

Since the nightside absorbs no stellar radiation, this is the amount of heat that has moved
from the dayside to nightside. A value of zero implies that no heat is transported to the
nightside, and a value of 0.5 implies that half of the absorbed incoming stellar flux is
recirculated to the nightside.

For each planet, we calculated Tgay, Thight, A, and P simultaneously for 10° steps of a
Monte Carlo. At each step we randomly drew all measured physical planetary parame-
ters and published phase curve parameters from Gaussian distributions centered around
their published values, with standard deviation given by their published uncertainties.
We marginalized over our uncertainty of v and I,z by drawing these from a random
uniform distribution where 0 < v < 1 and 0 < Ige < min %@ The constraint on
I01e ensures that the poles are not hotter than the equator. Lastly, we added the sys-
tematic uncertainty associated with estimating effective temperatures using the mean of
a limited number of brightness temperatures; the systematic uncertainties are esimated
based on retrieval exercises with synthetic cloud-free dayside emission spectra. The 1o
systematic uncertainties are 23% for planets with a phase curve at just 4.5 um, 13%
for planets with phase curves at 3.6 um and 4.5 pm, and 3% for planets with phase
curves at 3.6 ym, 4.5 um, and 1.4 pm. This is a conservative estimate, as the observed

nightside brightness temperatures are closer to isothermal than the dayside brightness

temperatures (Figure 3.3).

3.8.3 Sensitivity Analysis

To determine how much each measured parameter affects the overall error of the calcu-
lated values, we performed a sensitivity analysis using the measured values, varying one
parameter at a time. For most planets, the biggest source of uncertainty in the nightside

temperatures is the systematic error we introduced, followed by the I, term. This sug-
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gests that obtaining phase curves at more wavelengths, as well as eclipse mapping, will

yield better estimates of nightside effective temperatures.

3.8.4 Phase Curves and Brightness Maps

The first exoplanet map was of HD 189733b at 8 um (Knutson et al., 2007). It showed an
eastward shifted hotspot on the planet, in line with theoretical predictions of equatorial,
super-rotating jets (Showman and Guillot, 2002). With the exception of HD 189733b
(Knutson et al., 2007, 2009), 55 Cancri e (Demory et al., 2016; Angelo and Hu, 2017),
CoRoT-2b (Dang et al., 2018), and WASP-43b (Louden and Kreidberg, 2018), WASP-
103b (Kreidberg et al., 2018), and KELT-1b (Beatty et al., 2019), most phase curves have
been fit and published without considering the brightness maps that could have produced
them.

We distinguish between two problematic cases: negative phase curves, and positive
phase curves that imply negative brightness maps, and explain how we handle these

problematic cases. We summarize the suite of phase curves in Table 3.4.

3.8.5 Negative Phase Curves

A phase curve that is negative at any value of orbital phase guarantees that the underly-
ing brightness distribution (map) is negative at some longitudes, because a phase curve
measures the disk-integrated flux. Every phase curve that goes negative at any point
implies the planet has negative flux somewhere.

The planets HAT-P-7b, WASP-14b, and WASP-43b have published phase curves that
are negative on their nightsides, which ensures unphysical, negative brightness maps for
these planets. The best one can do without refitting the phase curves is to modify the
phase curves or brightness maps in some way. A possible solution previously adopted for
WASP-43Db is simply setting negative regions of each of brightness maps to zero (Keating
and Cowan, 2017). The WFC3 phase curves for WASP-43b have since been refit while
enforcing physically possible brightness maps and accounting for reflected light, resulting

in a much higher nightside temperature than previous reported (Stevenson et al., 2014;
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Louden and Kreidberg, 2018). The Spitzer phase curves for WASP-43b were refit by using
a different instrument sensitivity model, shown to be better at removing residual red
noise due to intra-pixel sensitivity, also resulting in much higher nightside temperatures
(Mendonga et al., 2018). We use the reanalyzed Spitzer phase curves for our analysis. For
the WFC3 phase curve, we treated the negative nightside flux as an upper limit, rather
than simply setting the negative parts of the map to zero. We do not use the reanalyzed
WEFC3 phase curves as they were not fit with sinusoids, and hence could not be treated
in a consistent manner to the other phase curves.

The published HAT-P-7b and WASP-14b 3.6 um phase curves are negative on their
nightsides. This can occur when not enforcing positive brightness maps when fitting the
data. We refit both phase curves while enforcing physically possible phase variations,
using a polynomial function to model detector systematics (Dang et al., 2018). For
WASP-14b, we were able to obtain a good fit. The nightside temperature we infer is 4 K
lower than when using the Monte Carlo rejection method. For HAT-P-7b, we were not
able to obtain a good fit without allowing the phase curve to have significantly negative
nightside flux. As the planet cannot have negative brightness, this could potentially be
due to some unmodelled stellar effect, such as non-uniform stellar brightness, or that
the detector models are inadequate for these particular data. For the purposes of this
study, we chose to treat the negative nightside flux as an upper limit when estimating

the effective temperature.

3.8.6 Positive Phase Curves, Negative Brightness Maps

It is also possible to measure a strictly positive phase curve, yet infer a brightness map
that is not strictly positive. This is the case for WASP-12b, WASP-18b, WASP-19b, and
WASP-103b. Although it is mathematically possible to obtain a non-negative phase curve
from a brightness map that is not strictly positive, such a brightness map is physically
impossible. This was pointed out long ago in the case of reflected light curves from
asteroids (Russell, 1906), which is mathematically similar to the thermal emission case.

Brightness maps obtained from inverting sinusoidal phase curves are not unique, as there
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is a nullspace of the transformation from map to light curve— excluding the fundamental
mode, any odd sinusoidal mode present in the brightness map of a synchronously rotating
planet on a circular, edge-on orbit will integrate to zero over a hemisphere, and will thus
be invisible in the phase curves (Cowan and Agol, 2008; Cowan et al., 2013). If a measured
phase curve implies a negative brightness map, then it may be possible to add higher order
odd harmonics to correct the map — indeed, if a solution exists, then odd brightness map
harmonics are necessary to ensure a physically possible solution.

For example, WASP-18b has strictly positive phase curves that were fit with first and
second order sinusoids (Maxted et al., 2013). However, the published 3.6 um phase
curve parameters imply a negative brightness map at this wavelength. For each draw
in our Monte Carlo, if the phase curve is positive but the brightness map is negative at
any location for any planet, we numerically solve for the smallest amplitude third order
harmonic that makes the brightness map non-negative. If no such solution exists, we
reject the draw. We demonstrate this in Figure 3.7.

The brown dwarf KELT-1b also has positive phase curves that imply negative bright-
ness maps (Beatty et al., 2019). The authors showed that a smoothed trapezoidal bright-
ness map integrates to give an approximately sinusoidal phase curve close to their fiducial
phase curve for KELT-1b, and conclude that KELT-1b’s map must be non-sinusoidal.
They argue that this solves the problem of negative brightness maps, and implies that
all planets with seemingly negative sinusoidal brightness maps must instead have non-
sinusoidal maps. As we have shown, for some planets with positive phase curves, the
brightness map can be made non-negative by just adding the third harmonic to the
brightness map. In fact, adding higher order sinusoids allows for trapezoidal temper-
ature maps, or any other continuous function (in other words, Fourier analysis). The
odd harmonic method is elegant and more robust than adopting a specific non-sinusoidal
parameterization, and does not alter the phase curve. It may be necessary to fit for the
odd map harmonics when fitting phase curves— even though they are not visible in the
phase curve, they may be needed to ensure a physically possible map.

Lastly, the phase curves of WASP-12b are contentious — if the fiducial, polynomial
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fit for the 4.5 um phase curve is taken to be solely due to brightness variations of a
spherical planet, the map is negative and unphysical (Cowan et al., 2012). The authors
note that part of the second harmonic could be due to ellipsoidal variations. A reanalysis
of the same data, and a second set of phase observation at the same wavelengths, found
that the 4.5 pm results were consistent with the previous results (Zhang et al., 2018).
We adopt the interpretation ultimately chosen by the authors of the first paper: some
of the second harmonic in the 4.5 pm phase curve is due to the planet’s inhomogeneous
temperature map, but the rest is due to ellipsoidal variations. To be consistent with their
interpretation, we set the planet’s aspect ratio to 1.5, calculated the resulting amplitude
(Cowan et al., 2012), and subtracted it from the second order amplitude to yield a non-

negative brightness map.

3.8.7 Dynamical Model

The radiative timescale in the analytic, dynamical model is scaled by pressure at the base
of the radiatively active layer of the atmosphere, and equilibrium temperature (Komacek
et al., 2017; Komacek and Tan, 2018; Zhang and Showman, 2017). Figure 3.8 shows a
version of the model where all the planets have the same physical properties, but the
irradiation temperature varies.

We updated the radiative timescale formulation to scale with P/g, as with the energy
balance model. We neglected magnetic drag. Magnetic drag could decrease nightside
temperatures for planets where magnetic drag is predicted to be significant (7j ~ 2000 K
and up) (Komacek et al., 2017). Presumably, hotter planets have more ionized atmo-
spheres, and thus shorter drag timescales due to interactions with magnetic fields. We
“anchor” the air column mass to the nightside temperature of HD 189733b which has
Ty, = 1636 K, and thus presumably no appreciable magnetic drag, so we can safely set
the magnetic drag timescale to infinity. The predictions for the nightside temperatures
of the more irradiated planets at this air column mass are all significantly lower, rather
than higher, than the observed nightside temperatures. See Figure 3.10. Nightside clouds

could only further depress the nightside effective temperature. This simple parameteriza-
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tion of magnetic drag is not sufficient to explain the entire nightside temperature trend,
and including it gives a worse fit to the observations. This does not allow us to exclude the
effects of magnetic fields in hot Jupiter atmospheres— instead, it motivates the need to
include magnetohydrodynamics in general circulation models of hot Jupiter atmospheres.

The dynamical models do not predict the dayside or nightside temperatures themselves,
but rather the day-to-night temperature contrast. To predict the nightside temperature,
we use the analytic expression from the model to calculate the day-night temperature con-
trast, and solve for the nightside temperature, assuming that the dayside temperature is
equal to the equilibrium temperature defined by Ti, = (1/4)Y4T} (a good approximation,
as shown in the top panel of Figure 3.1). In true radiative equilibrium, the nightside tem-
perature of a tidally locked, synchronously rotating planet would be zero. However, we
note that GCMs suggest that the nightsides of hot Jupiters can never reach temperatures
as cold as expected in radiative equilibrium (Komacek et al., 2017).

Rather than use a common photosphere pressure among the planets as has been pre-
viously done, we fit for a common air column mass above the emitting region, that is,
the photosphere pressure (P) scaled by acceleration due to gravity (¢): P/g. It is more
a realistic assumption than a common photosphere pressure among the planets, as hot

Jupiter masses, and hence surface gravities, can span an order of magnitude.

3.9 Data availability

The data that support the plots within this paper and other findings of this study are

available from the corresponding author upon reasonable request.

3.10 Code availability

The Gaussian process regression code used is publicly available, and can be found here.

The Spitzer Phase Curve Analysis pipeline is publicly available and can be found here.
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3.11 Supplementary Information

The following figures and tables were included as supplementary information in the pub-

lished version.
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Table 3.2:
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Summary of model fits to the disk-integrated results. The best-fit parameters
have values that are reasonable for hot Jupiters, with the best-fit P/g cor-
responding to a range of pressures between about 0.1 and 10 bar across the
suite of planets in our sample. The best-fit wind speed for the energy balance
model is also reasonable, as typical hot Jupiter wind speeds are on the order
of 1 km.s71L.

Model X%/datum  P/g (kgm™2)  Vina ((km.s™!)
Bell and Cowan (2018) 3.4 (1.74+0.2) x 10° 1.4+£0.2
Cowan and Agol (2011) 4.3 (1.94+0.5) x 10° 1.3£0.9
Komacek and Tan (2018) 4.5 (2.140.3) x 10?
Zhang and Showman (2017) 8.5 (3.14+0.4) x 10?

Table 3.3:

Dayside Temperatures, Nightside Temperatures, and Energy Budget Parame-
ters using the mapping approach described in the methods section. Our heat
recirculation parameter, P, ranges from 0, for no day-night heat recirculation,
to 0.5, for perfect day-night heat recirculation. Ag is the Bond Albedo.

Ty K Tioy K Thignw K Ap P
HD 189733b 163615 11724154 913+125  0.39702%  0.2719:02
HD 209458b 2051436 13234316 10244248 0.63792:  0.26700
WASP-43b 2052455 14834197 9934134  0.437922 0.17+002
CoRoT-2b 2175447 15844372 833+197 0.6 0.07750!
HD 149026b 2409458 17034233 11604173  0.47+322  0.18+0:04
WASP-14b 2655441 21474292 1291+183 0.33%02 0.12+00!
WASP-19b 299452 20464272 12284169 0.5370Z,  0.127592
HAT-P-7b 3214475 23834340 14594227 0.43732% 0.127005
WASP-18b 3411452  2699+381 12014196 0.37792  0.04+002
WASP-103b 3524497  2639+113 1597+70  0.291012 (.12+00!
WASP-12b 36434122 30934452 21104325 0.37927  0.18%00
WASP-33b 3875106 27614398 17224264 0.4979-2L  0.13+002
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Figure 3.4: Dayside and nightside temperatures using the mapping method.
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Figure 3.5: Example phase curve with corresponding longitudinal brightness maps for HD
189733b.
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Figure 3.6: Two-dimensional effective temperature map of HD 189733b.
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Figure 3.8: Qualitative behavior of the analytic dynamical model we fitted.
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Figure 3.9: Behaviour of the semi-analytic energy balance models.
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Figure 3.10: Nightside temperature trends for varying amounts of drag in the dynamical
model.
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Figure 3.11: Various latitudinal brightness distributions.
Table 3.4: Summary of problematic hot jupiter phase curve observations. Plus signs

denote phase curve or maps for which the mean phase curve or map is strictly
positive. Minus signs denote phase curves or maps that are negative for any
value of orbital phase, or longitude. Planet names in bold are planets with
problematic phase curves. We also list the type of correction we use to deal
Odd Harmonics means we correct the
negative map by adding odd harmonics. We explain the correction for WASP-
12b in the Methods. For HAT-P-7b at 3.6 um, we used the negative nightside
flux distribution to get an upper limit on brightness temperature in the phase

with each problematic phase curve.

curve method, and used Odd Harmonics rejection with the mapping method.

Planet Name

14 pm 3.6 pm 45pm 1.4 pm Map 3.6 um Map 4.5 pm Map

Correction

CoRoT-2b N/A  NJA  + N/A N/A +
HAT-P-7b N/A - + N/A - + Upper Limit / Odd harmonics
HD 149026b N/A + + N/A + +
HD 189733b N/A + + N/A + +
HD 209458b N/A  N/A  + N/A N/A ¥
WASP-12b N/A + + N/A — — Ellipsoidal Variations
WASP-14b N/A - + N/A - + Refit 3.6pm
‘WASP-18b N/A + + N/A - + Odd Harmonics
WASP-19b N/A + + N/A - + Odd Harmonics
WASP-33b N/A + + N/A + +
WASP-43b Old — — - — - -
WASP-43b New - + + + + +
WASP-103b + + + - + + Odd Harmonics
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3.12 Epilogue

This Chapter showed through a meta-analysis that hot Jupiters all have similar nightside
temperatures: around 1100 K. The simplest explanation is that hot Jupiters all have
nightside clouds with a similar composition. Ultra-hot Jupiters have an additional source
of heat transport available to them in the form of hydrogen dissociation and recombina-
tion, which evaporates nightside cloud particles on these planets. The interpretation of
clouds modulating Spitzer phase curves was also suggested by (Beatty et al., 2019) in an
analysis using nightside brightness temperatures.

Both our analysis and that of Beatty et al. (2019) used phase curves that were analyzed
by different groups using different Spitzer pipelines. Recently, Bell et al. (2020) performed
a uniform data reduction and reanalysis of 15 Spitzer phase curves and confirmed the

shallow dependence of nightside temperature on irradiation temperature.

3.13 Interlude: adventures in mapping

As part of the analysis in this Chapter, I explored longitudinal mapping of hot Jupiters.
This exploration on mapping led to me joining two collaborations at the “Multi-dimensional
characterization of distant worlds: spectral retrieval and spatial mapping” workshop
hosted by the Michigan Institute for Research in Astrophysics, and spearheaded by Emily
Rauscher. I was the second author on one manuscript that is currently under review, and
a contributing author on a second one that was published in December 2020.

In our submitted manuscript, “Longitudinally Resolved Spectral Retrieval (ReSpect)
of WASP-43b Cubillos et al. (2021)” we demonstrated a new method to retrieve the at-
mospheric composition of hot Jupiters using longitudinally resolved spectra. The most
common atmospheric retrieval schemes use disk-integrated spectra. Disk-integrated re-
trievals been shown to potentially bias results, because they treat each hemisphere of a
planet as homogeneous. In our approach, we analytically convert disk-integrated spec-
troscopic phase curves to spectroscopic, longitudinal brightness maps (Cowan and Agol,

2008), which are used to retrieve atmospheric abundances as a function of longitude.
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We showed that applying the technique to simulated JWST data from a WASP-43b
GCM gave more accurate atmospheric abundances compared to a disk-integrated ver-
sion retrieval for the same computational cost. WASP-43b will be observed extensively
with Guaranteed Time Observations on JWST so it will soon be possible to apply this
technique to those data.

In the paper “Eigenspectra: A Framework for Identifying Spectra from 3D Eclipse
Mapping” (Mansfield et al., 2020b), we showed how to use spectroscopic eclipse observa-
tions to construct maps of the dayside of a hot Jupiter as a function of latitude, longitude,
and wavelength— effectively, three dimensional dayside maps. These maps can be used
to determine the brightspot location, and atmospheric composition as a function of lati-
tude and longitude. My contribution was code that uses K-means clustering, a machine
learning algorithm, to group together regions with similar spectra in order to produce
several characteristic spectra that can be used for atmospheric retrieval. Although not
currently feasible with the signal-to-noise and wavelength coverage of current telescopes,

3D eclipse mapping of bright targets like HD 189733b will be possible with JWST.
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4 Smaller than expected bright-spot
offsets in Spitzer phase curves of the

hot Jupiter Qatar-1b

4.1 Prologue

Most of the phase curves used in the previous chapter were analyzed by different groups,
using disparate reduction and analysis pipelines. Although several of the most commonly
used pipelines were shown to yield accurate and repeatable results for eclipse observations
(Ingalls 2016), no rigorous comparison has been done for full-orbit phase curves. This
Chapter presents a reduction and analysis of Spitzer phase curves of the hot Jupiter
Qatar-1b using two different pipelines.

In 2019 I was funded by a McGill Graduate Mobility Award to participate in a research
stay at the Space Telescope Science Institute in Baltimore, Maryland where I began a
collaboration with Kevin Stevenson, and learned how to use his group’s Photometry for
Orbits, Eclipses, and Transits (POET) pipeline. I compared it with a preliminary version
of the open-source and user friendly Spitzer Phase Curve Analysis (SPCA) pipeline, writ-
ten by Taylor Bell and Lisa Dang from our exoplanet characterization group at McGill.

Qatar-1b is an interesting target because it has the same irradiation temperature as
HD 209458b and WASP-43b, but its mass, radius, and orbital period are intermediate
between those of HD 209458b and WASP-43b. This was the first work to compare phase

curves of more than two hot Jupiters with the same irradiation temperature, and is a

38



4 Smaller than expected bright-spot offsets in Spitzer phase curves of the hot Jupiter Qatar-1b

precursor to comparative planetology studies that will be performed with next generation

telescopes.
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4.2 Abstract

We present Spitzer full-orbit thermal phase curves of the hot Jupiter Qatar-1b, a planet
with the same equilibrium temperature—and intermediate surface gravity and orbital
period—as the well-studied planets HD 209458b and WASP-43b. We measure secondary
eclipse of 0.21 + 0.02% at 3.6 pum and 0.30 + 0.02% at 4.5 pm, corresponding to day-
side brightness temperatures of 1542’:%% K and 1557J_r§2 K, respectively, consistent with
a vertically isothermal dayside. The respective nightside brightness temperatures are
1117778 K and 116775 K, in line with a trend that hot Jupiters all have similar nightside
temperatures. We infer a Bond albedo of 0.12%513 and a moderate day-night heat recir-
culation efficiency, similar to HD 209458b. General circulation models for HD 209458b
and WASP-43b predict that their bright-spots should be shifted east of the substellar
point by tens of degrees, and these predictions were previously confirmed with Spitzer
full-orbit phase curve observations. The phase curves of Qatar-1b are likewise expected
to exhibit eastward offsets. Instead, the observed phase curves are consistent with no
offset: 11° £ 7° at 3.6 um and —4° £ 7° at 4.5 pum. The discrepancy in circulation pat-
terns between these three otherwise similar planets points to the importance of secondary

parameters like rotation rate and surface gravity, and the presence or absence of clouds,

in determining atmospheric conditions on hot Jupiters.

4.3 Introduction

Qatar-1b is a short-period gas giant (hot Jupiter), discovered with the Qatar Exoplanet
Survey (Alsubai et al., 2011). Its mass, radius, and orbital period are all intermediate
between those of the well-studied hot Jupiters WASP-43b and HD 209458b. The three
planets all have the same equilibrium temperature (see Table 4.1). WASP-43b and HD
209458b were predicted and observed to have eastward phase curve bright-spot offsets,
suggesting the presence of superrotating equatorial jets in their atmospheres (Showman
et al., 2009; Zellem et al., 2014; Stevenson et al., 2014, 2017; Mendonca et al., 2018;

Morello et al., 2019; Kataria et al., 2015). If the stellar flux a planet receives is what
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Table 4.1: Summary of planetary properties for HD 209458b (Stassun et al., 2017), Qatar-
1b (Collins et al., 2017), and WASP-43b (Esposito et al., 2017). Qatar-1b’s
physical properties are intermediate between those of HD 209458 and WASP-
43, except for the metallicity, which is somewhat greater than HD 209458, but
consistent with WASP-43.

Planet Name Equilibrium Temperature Period Mass Radius Surface Gravity Stellar Metallicity
X) (Days) (Myup) (Ryup) (ms~?) [Fe/H]
HD 209458b 1412 + 64 352  0.73%£0.04  1.39+0.02 9.7970:58 0.0£0.05
Qatar-1b 1418 + 27 142 1.204790%2  1.143+09% 25.67711 5% 0.17175:%97
WASP-43b 1427+ 19 0.83  1.998 £0.079 1.006 £ 0.017 51 £11 0.05£0.170

primarily determines its atmospheric dynamics, we expect the circulation of Qatar-1b to
be similar to WASP-43b and HD 209458b.

The dayside brightness temperatures of Qatar-1b has been measured previously. Sec-
ondary eclipse measurements in the K, band implied an unusually high dayside brightness
temperature of 188572¢2 K, which taken at face value suggests negligible day-night heat
redistribution for this planet (Cruz et al., 2016). Secondary eclipse measurements with
Spitzer, combined with the K, band eclipse depth, yielded a dayside effective temper-
ature of 1506 + 71 K (Garhart et al., 2018), which allows for a modest degree of heat
recirculation. However, full-orbit phase curve observations are the only way to quantify
the day-night heat recirculation, due to the degeneracy between recirculation efficiency
and albedo when interpreting eclipse only observations.

In this work, we present Spitzer full-orbit phase curves for Qatar-1b, at 3.6 ym and
4.5 pm. From the phase curves we calculate the dayside and nightside temperatures, and

in turn obtain an estimate of the Bond albedo and day-night heat recirculation efficiency

(Cowan and Agol, 2011a).

4.4 Observations and Data Analysis

The observations consist of two full-orbit phase curves of Qatar-1b, taken with the IRAC
instrument on board the Spitzer Space Telescope (Fazio et al., 2004). Phase variations
were observed at 3.6 um on April 28, 2018, and at 4.5 pm on May 2, 2018 (PID 13038,
PI: Kevin Stevenson). Both used 2 s exposure times. We performed two parallel analyses

using two completely independent pipelines. The first analysis used the Photometry for
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Orbits, Eclipses, and Transits (POET) pipeline (Stevenson et al., 2012¢; Cubillos et al.,
2013), and the second used the Spitzer Phase Curve Analysis (SPCA) pipeline (Dang
et al., 2018; Bell et al., 2019). Since the astrophysical signal is often buried 2-3 orders
of magnitude below detector systematics, Spitzer results have sometimes been debated
(Hansen et al., 2014; Schwartz et al., 2017). While several of the most common IRAC
detector systematics models produce accurate, repeatable eclipse depths (Ingalls et al.,
2016), such a study has never been performed for full-orbit phase curves. It is therefore
becoming common to use multiple pipelines when analyzing phase curve observations
(Dang et al., 2018; Bell et al., 2019; Mansfield et al., 2020a). We followed previous

analyses as closely as possible to ensure a fair comparison between both pipelines.

4.4.1 Photometry
SPCA

SPCA first performs 40 outlier rejection to flag frames in a given Spitzer datacube con-
taining an outlier pixel within a 5 x5 box centered on the pixel (15,15). Next, the pipeline
performs frame-by-frame background subtraction by taking the median pixel value of each
frame, excluding a 7 x 7 pixel box centered on the pixel (15, 15). The pipeline uses aper-
ture photometry to sum the remaining flux, and estimates the centroids using either the

flux weighted mean (FWM) of each frame or by fitting a 2D Gaussian.

POET

POET first performs frame by frame outlier rejection using two-iteration, four-sigma
clipping to flag bad pixels. Next it fits a 2D gaussian to find the centroid of each frame,
and uses the centroids to perform 5x interpolated aperture photometry. The background
flux is calculated using an annulus with an inner ring of 7 pixels and an outer ring of 15

pixels, and subtracted from the total.
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4.4.2 Centroiding

The biggest source of noise in Spitzer observations of bright, transiting planets is detector
systematics. For IRAC Channels 1 and 2 (3.6 pm and 4.5 pm) this is due to intrapixel
sensitivity variations coupled with changes in target centroids. The IRAC detector pixels
are not uniformly sensitive, and during each observation, the target drifts slightly across
them. By now this effect is well studied, and several of the most commonly used system-
atics models were shown to produce repeatable, accurate eclipse depths for both real and
synthetic eclipse data (Ingalls et al., 2016). Most schemes use the flux centroids to model
the intrapixel sensitivity fluctuations and subtract them from the signal, which makes it
crucial to obtain the correct centroids. Flux weighted mean and Gaussian centroiding
are the two most commonly used methods.

In tests with synthetic data of the IRAC 3.6um and 8um detectors, Gaussian centroid-
ing was shown to be more precise than the flux weighted mean method (Lust et al., 2014).
However, this does not necessarily apply to every data set. In particular, Gaussian cen-
troiding performs poorly on asymmetric point response functions. Additionally, fitting a
Gaussian can introduce noise from the fitting process, whereas the flux weighted mean is
computed arithmetically.

In our SPCA analysis, we tested both 2D Gaussian centroiding and flux weighted mean
centroiding, using a range of apertures in increments of 0.25 pixels, as well as both fixed
and moving apertures. To choose the aperture size for each centroiding method, we
calculated the RMS scatter between the raw photometry, and a boxcar smoothed version
of the photometry with a width of 10 datacubes (~ 21 minutes). We selected the aperture
size with the lowest RMS scatter. In all cases, we found that apertures centered on the
derived centroids (moving apertures) produced the least RMS scatter. For the 4.5 pum
observations, a 3.25 pixel radius aperture centered using flux weighted mean, gave the
least RMS scatter. For the 3.6 um observations, a 4.25 pixel radius aperture using 2D
Gaussian centroiding gave the least RMS scatter. For a given channel and aperture size,
the flux difference between centroiding schemes was less than the scatter in the raw flux,

meaning both centroiding schemes gave essentially the same raw flux. However, both
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schemes yielded significantly different centroid locations (see fig. 4.1).
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Figure 4.1: Centroid locations, in pixels, for the 3.6 pum observations, computed using
two different algorithms. (The behaviour is qualitatively similar for 4.5 pm
observations.) The black line is what we would expect if both algorithms gave
the same centroid values. Most of the telescope drift is in the y direction. Al-
though both centroiding schemes give similar raw flux, the centroid locations
differ significantly, indicating that the PSF shape and asymmetry change over
the course of the observation.

Most POET analyses have used Gaussian centroiding, with 5x interpolated aperture
photometry (Stevenson et al., 2017; Kreidberg et al., 2018; Mansfield et al., 2020a).
The metric to pick the aperture size is slightly different than SPCA: with POET, we

selected the aperture size that minimized the standard deviation of the normalized resid-
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uals (SDNR) of the phase curve fit. For the 4.5 pum observations this was a 2.0 pixel
radius moving aperture, and for 3.6 pym it was a 2.25 pixel radius moving aperture. The
reason for the different preferred aperture sizes between SPCA and POET is because
POET used interpolated photometry, and because the metric to select the aperture size
is different between the two pipelines. Regardless, we get qualitatively similar raw flux
using both pipelines. The median background levels are 17% and 4%, respectively, of the

median flux uncertainty at Channels 1 and 2 for our preferred aperture sizes.

4.5 Modeling the Phase Curve

The observed flux variations of the system consist of two parts: the astrophysical signal

of interest, and detector systematics. We modeled and fit for these simultaneously, as
Froaa(t) = A(t) x D(1), (4.1)

where A(t) represents the astrophysical signal, and D(t) is the normalized detector model.

The astrophysical signal itself has the form
A(t) = Fi(t) + F,(1), (4.2)

where F,(t) is the stellar flux, and F),(¢) is the planetary signal. With SPCA we used BAT-
MAN (Kreidberg, 2015) to model the occultations —transits and secondary eclipses—

assuming a quadratic limb darkening law. The apparent stellar brightness is
F.(t) = T(t), (4.3)

where T'(t) is the transit light curve. Outside of transit, we assume that the stellar flux
1s constant.

The planetary flux ratio is

Fp(t) = Fdayq)(w(t))7 (44)
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where Fy,y is the secondary eclipse depth, ®(¢/()) is the phase variation of the planet, and
¥(t) is the orbital phase, given by ¥ (t) = 27 (t — t.) /P where t. is the time of secondary
eclipse, and P is the orbital period of the planet. Reflected light is negligible in the
IRAC bandpasses, so we assume any light coming from the planet is thermal emission.

We modelled the thermal phase variations as
() =1+ Ci(cos(v) — 1) + Casin(v), (4.5)

and imposed a prior that both the phase curve and the implied brightness map must be
non-negative (Cowan and Agol, 2008; Keating and Cowan, 2017). We kept P fixed to
1.4200242 days (Collins et al., 2017).

With POET, we modelled the phase variations in an equivalent way:

O(t) = 1+ C} cos {@} . (4.6)

We tested higher order sinusoids, but found that including them led to overfitting. We
also tested fits with and without an additional linear trend in time, which can account

for additional instrumental systematics or stellar variability.

4.5.1 Detector Systematics

The detector systematics, D(t), are primarily due to intrapixel sensitivity variations.
With SPCA, we considered two methods that use the flux centroid locations to model
the sensitivity of the detector. The first was to fit an n-th degree 2D polynomial, as a
function of the x and y position of the centroids. We tested polynomials with order 2
through 7, and used the Bayesian Information Criterion (BIC) to select the best model—
the one that fits the data best without overfitting (Schwarz, 1978).

The second detector model we used was BilLinear Interpolated Subpixel Sensitivity
(BLISS) mapping, a non-parametric detector model. BLISS has been used successfully
to analyze many phase curves (Stevenson et al., 2014, 2017; Kreidberg et al., 2018; Beatty

et al., 2019; Bell et al., 2019; Mansfield et al., 2020a) and performed well in the Spitzer
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data challenge (Ingalls et al., 2016).

We fit several combinations of detector models and astrophysical signals to the obser-
vations in each channel. First, we used Levenberg-Marquardt optimization to find the
best-fit parameters, and then sampled parameter space using a Markov-Chain Monte-
Carlo to obtain error estimates. We computed the BIC, and used this to select the
preferred astrophysical model.

Because BLISS calculates the detector sensitivity directly, rather than letting sensitiv-
ity vary as a jump parameter, it cannot be directly compared to the polynomial models
using the BIC. However, the BIC can be used to select the preferred astrophysical model
for a given BLISS implementation.

We also tested pixel-level decorrelation (PLD), which does not explicitly assume a
functional form for the detector sensitivity and does not use centroids (Deming et al.,
2015). Although first-order PLD is inadequate when the stellar centroid moves more than
about 0.1 pixel, second-order PLD has been used successfully for phase curve observations
(Zhang et al., 2018; Bell et al., 2019). In both of our observational channels the centroids
move by nearly a pixel over the course of the observation, so we implemented second-
order PLD. As PLD is parametric, it can be directly compared to the polynomial model
using BIC.

For the POET analyses, we used a BLISS detector model. Because BLISS is non-
parametric, it is flexible and has the advantage of running quickly in a Monte Carlo.

Lastly, because of the differences in photometry and sigma-clipping between pipelines,
the respective datasets are not exactly the same between the two analyses. There is
no perfect way to compare analyses between two different pipelines. One way is to
compare which one of them gives the lowest fit residuals, and another is to compare the

log-likelihoods per datum of the models (Bell et al., 2019).

4.5.2 Binning

Some phase curve analyses have fitted binned data while others have fitted the unbinned

data. There are arguments for and against binning. Binning data before fitting filters
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Table 4.2: Summary of key light curve parameters for both wavelengths. Our fiducial
analysis is the POET fit to the unbinned data using a BLISS detector model,

as it produced the smallest fit residuals.
Wavelength  Eclipse Depth (%) R,/R, Amplitude (ppm) Phase Offset  Thright.day ()  Thright,night (K)
3.6 pm 0.2140.01 0.144 4 0.001 660 + 91 11°+7° 1542732 116775
4.5 pm 0.30 & 0.02 0.145 + 0.001 918 +114 —4°+7° 1557+ 111778

out high frequency noise, improves centroid position accuracy, and makes the fits run
faster, among other advantages (Deming et al., 2015). However, it can also distort the
light curve shape if the bin size is too large (Kipping, 2010). Binning can also smooth
over short timescale telescope pointing variations. To date, there has been no systematic
study of the effects of bin size on retrieved phase curve shapes. There is some preliminary
evidence, however, that coarse binning yields phase curve shapes discrepant with results
from fitting unbinned data. This effect will be fully explored in upcoming work (May et
al. 2020, in prep.)

Fitting unbinned data with SPCA was prohibitively slow, especially when testing mul-
tiple model combinations and higher order polynomial and PLD models. Therefore we
binned the observations by datacube (64 frames, or 128 s) which is much shorter than the
occultations, and equal to the bin sizes used in previous work with SPCA (Dang et al.,
2018; Bell et al., 2019).

With POET we were able to fit the entire unbinned dataset, because POET is optimized
to run with multiprocessing. Best-fit parameters and uncertainties from the two pipelines

are shown in Tables 4.3 and 4.4.

4.6 Results

The intrapixel sensitivity variations are less severe for the 4.5 ym channel and typically
easier to fit than the 3.6 um channel, so we begin by summarizing the 4.5 pm results.

See Table 4.2 for a summary of the fiducial light curve parameters at both wavelengths.
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4.6.1 4.5 pym Observations

To see if using different centroid algorithms affected the fitted parameters, we fit the
photometry obtained from both algorithms with SPCA. The flux weighted mean (FWM)
centroiding gave lower scatter in the residuals, as well a higher log-likelihood than Gaus-
sian centroiding. A first order sinusoid, and no linear slope, was the preferred astrophys-
ical model. All combinations of detector models and centroiding algorithms produced
consistent eclipse depths within the error bars. In all the fits we tried, we found a slight
westward phase offset. The phase curve using the second order polynomial detector model
is shown in the righthand column of Figure 4.2.

Our POET analysis used a BLISS detector model. We selected the knot spacing
such that bilinear interpolation performed better than nearest neighbour interpolation
(Stevenson et al., 2012a), which was 0.019 pixels in each direction. Again we found that
a first order sinusoid, with no linear slope, gave the lowest BIC and lowest residuals in
the final fit compared to other astrophysical models. We attempted decorrelating against
the PSF width, but it gave a higher BIC for this wavelength.

The POET analysis yielded an eclipse depth consistent with the SPCA analysis, as
well as a slightly westward phase offset of —4° £ 7°, and lower residuals in the final fit
(see Figure 4.2). The residuals were 1.11 greater than the photon noise limit. There
was little red noise in the final fit (Figure 4.4). Using the phase curves fluxes, we get a
dayside brightness temperature of 1557*3: K, and a nightside brightness temperature of

1117178 K.

4.6.2 3.6 um QObservations

For the 3.6 um phase curve observations, we also tried fitting photometry using both
centroiding algorithms. We again experimented with different combinations of detector
polynomial orders and astrophysical models. For this channel only, decorrelating against
the PSF width resulted in a dramatically lower BIC for all the polynomial and BLISS fits
we tried, with both SPCA and POET. For the flux weighted mean photometry, a second

order polynomial gave a lower BIC than higher orders. For the 2D Gaussian photometry,
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Figure 4.2: Left: Raw photometry and light curve model for the 4.5 yum observations of
Qatar-1b using the POET pipeline. We fitted the unbinned dataset, shown
in black in the top panel, but bin the data by datacube when plotting below
for clarity. Right: Results from the SPCA pipeline. The best fit combined
astrophysics x detector model for each pipeline is shown in red in the top
panels. The grey dots come from binning the data by datacube (64 frames),
and the blue dots are more coarsely binned. The red line is the final best fit
model for each. The two middle panels show the best-fit astrophysics model,
with the detector systematics removed. The bottom panels show the residuals
of the best-fit light curve and detector systematics models subtracted from
the raw signal. The dashed line indicates where the Astronomical Observing
Request break occurs.

we tried polynomial orders from two to seven, and found that a sixth order polynomial
gave the lowest BIC among the polynomial models.

Unlike for the 4.5 um observations, the eclipse depths did not agree for the reductions
using different centroiding algorithms. The eclipse depths from the flux weighted mean

photometry were twice as deep as those using Gaussian centroiding or the one reported
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Figure 4.3: The same figure as Figure 4.2 but for the 3.6 um observations.

by Garhart et al. (2018). The likelihoods were lower, and the residuals were higher, than
the fits to the Gaussian centroiding photometry. Gaussian centroiding also gave lower
scatter in the raw photometry and centroids. For these reasons we chose the Gaussian
centroiding photometry as our fiducial dataset for the SPCA fits.

We also saw a discrepancy between the different detector models: the polynomial and
BLISS models gave consistent eclipse depths to one another but the phase offsets are 2.50
discrepant. With BLISS, an eastward phase offset was favoured, but with the polynomial
detector model, a westward offset was favoured. BLISS gave a higher likelihood and lower
residuals than the polynomial fit.

Because of the discrepancy in the inferred parameters, we tried a centroid-agnostic
detector model: a second-order PLD using a 5 x 5 grid of pixels. We performed the

decorrelation using the individual pixel fluxes, but used the 2D Gaussian aperture pho-
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Figure 4.4: Root-mean-squared residuals versus bin size for the 4.5 ym phase curve fit
with POET. The red line is the expected behaviour assuming white noise.

tometry as our dataset, rather than the sum of pixels, in keeping with past analyses
(Deming et al., 2015; Zhang et al., 2018; Bell et al., 2019). PLD performed better than
the polynomial models, achieving a higher log likelihood, lower BIC, and lower residuals
in the final fit. The fitted phase curve is shown in the righthand column of Figure 4.3.
The PLD fit gave a phase curve offset consistent with that of the sixth order polynomial
fit.

Our POET analysis again used a BLISS detector model, with an ideal knot spacing
of 0.012. A first order sinusoid, with a linear ramp, and a fit to the PSF width was the
preferred model. The fit is shown in the left panel of Figure 4.3. We found an eastward
offset of 11° + 7°. This is 2.30 away from the offset found with SPCA. Because the
POET analysis used the full, unbinned dataset, and yielded lower residuals than SPCA,
we take that as our fiducial analysis for the rest of this paper. The residuals were 1.16

times greater than the photon noise limit. The final fit removed most of the red noise
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Figure 4.5: The same plot as fig. 4.4 but for the 3.6 ym phase curve.

(Figure 4.5). The dayside and nightside brightness temperatures are 1542%3 K, and
11675 K.

4.7 Discussion

The two main observational quantities calculated from thermal emission phase curves

are the amplitude of variations, and the phase at which the peak flux occurs. These

Table 4.3: Comparison of the best 4.5 um phase curve fit for each pipeline. SDNR stands
for standard deviation of the normalized residuals, for which we show the
residuals binned by datacube (128 s) for both fits. The fit using the POET
pipeline gave the lowest residuals. The transit and eclipse depths are consistent
within 1o between both analyses, but the phase offsets and amplitudes are not.

Pipeline Centroids Bin Size Detector Eclipse Depth (%) R,/R.  Amplitude (ppm) Offset SDNR (ppm)

POET  Gaussian 2s BLISS 0.30 £ 0.02 0.1453(8) 918 £ 114 —4° £ 7° 1140
SPCA FWM 128s Poly 2 0.31 £0.02 0.146(1) 1336 £ 101 —17° £ 4° 1660
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Table 4.4: The same as Table 4.3 but for 3.6 um The transit depths and phase amplitudes
are consistent within 1o between both analyses, but the transit depths and

phase offsets are not.
Pipeline Centroids Bin Size Detector Eclipse Depth (%) R,/R.  Amplitude (ppm) Offset SDNR (ppm)

POET  Gaussian 2s BLISS 0.21 £ 0.01 0.1443(6) 660 £ 91 11° £ 7° 857
SPCA  Gaussian 128s PLD 2 0.18 £0.02 0.137(1) 675+ 134 —22° £18° 1448

are, respectively, measures of the temperature differences between the day and night
hemispheres of the planet, and the ability of the planetary winds to advect hot gas
away from the substellar point before it can cool. There is a large body of literature
examining expectations for hot Jupiter atmospheric circulation patterns and how these
physics translate into observed thermal phase curves (e.g. see reviews by Parmentier and
Crossfield (2018) and Heng and Showman (2015)). In a comprehensive study, Komacek
et al. (2017) show that to first order, the day-night contrast on a planet should increase
with increasing equilibrium temperature and the hottest region of the planet should be
closer to the substellar point (i.e., smaller phase offsets). Higher order effects include the
planet’s rotation rate and its gravity. Moreover, if the rotation rate is too slow, it can
disrupt the circulation pattern, breaking the predicted trends (Rauscher and Kempton,
2014).

Any sources of drag in an atmosphere can slow down the winds, leading to smaller
bright-spot offsets (Komacek et al., 2017). One obvious culprit for hot Jupiters is mag-
netic drag. If a planet is hot enough for thermal ionization and has an appreciable
magnetic field, then ions in the atmosphere can interact with the magnetic field, acting
as a source of drag. All else being equal, the effective drag strength should increase
with increasing stellar irradiation (Perna et al., 2010), but it depends on magnetic field
strength and metallicity. Magnetic drag could directly impact atmospheric circulation.

Clouds can also directly affect the atmospheric circulation through feedback with the
temperature and wind structures themselves. They can also influence the phase curves
by disconnecting the emitted flux from the temperature structure (Roman and Rauscher,
2019). When clouds are thick enough to provide significant scattering, it becomes im-

portant to model their effects within a GCM simulation rather than post-processing. If
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the clouds are so thin that feedback is not important, Parmentier et al. (2016) predict
that clouds should lead to observable trends in Kepler phase curve shapes as a function
of equilibrium temperature.

By comparing thermal phase curves of planets with similar equilibrium temperatures,
such as Qatar-1b, HD 209458b, and WASP-43b, any differences can be attributed to
differences in circulation efficiency, due to differences in rotation, gravity, atmospheric

drag, or clouds.

4.7.1 Temperatures and Energy Budget

First we consider the energy budget of Qatar-1b and compare it to HD 209458b and
WASP-43b. By combining brightness temperatures at several wavelengths, it is possible
to estimate the total bolometric flux emitted by a given hemisphere of a planet; this can
be quantified by an effective temperature of the hemisphere. We estimated the dayside
and nightside effective temperatures of Qatar-1b using Gaussian process regression, which
was shown to give more robust temperature estimates than using the error weighted mean
or linear interpolation (Pass et al., 2019).

The dayside effective temperature of Qatar-1b is 1588 + 73 K, and the nightside ef-
fective temperature is 1163 + 79 K. These include the systematic error introduced when
converting from brightness temperatures to an effective temperature (Pass et al., 2019).

Using these estimates, we obtain a Bond albedo of 0.12701 and a day-to-night heat recir-

culation efficiency of 0.52%517 (Cowan and Agol, 2011a), confirming that Qatar-1b does
in fact circulate heat from day to night. The heat recirculation efficiency is consistent
with the value of 0.517515 for HD 209458b (Keating et al., 2019). The heat recirculation
efficiency of WASP-43b is debated. It was initially reported to be negligible: 0.002700s,
(Stevenson et al., 2017), but demanding that the brightness map of WASP-43b be strictly
positive gave a much higher value of 0.51 & 0.08 (Keating and Cowan, 2017). Using the
reanalyzed, non-negative phase curves of Mendonga et al. (2018) gives a heat recirculation

efficiency of 0.27151% (Keating et al., 2019).

We plot the dayside and nightside temperatures along with those of all other hot
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Jupiters with full-orbit infrared phase curves in Figure 4.6. The nightside temperature
of Qatar-1b is in line with the trend that hot Jupiters all have nightside temperatures
of approximately 1100 K, likely due to nightside clouds (Keating et al., 2019; Beatty
et al., 2019), which are predicted to be ubiquitous on hot Jupiters (Parmentier et al.,
2016). Ultra-hot Jupiters, with irradiation temperatures greater than about 3500 K,
have hotter nightsides due to additional heat transport from hydrogen dissociation and
recombination. For instance, the ultra-hot Jupiter KELT-9b is so irradiated that nothing

can condense, even on its nightside (Mansfield et al., 2020a).

4.7.2 Phase Offsets

We detected no phase offset at 4.5 um (4+7°, westward). This stands in stark contrast to
the eastward offsets of 40+6° and 21.141.8° for HD 209458b and WASP-43b, respectively,
at the same wavelength (Zellem et al., 2014; Stevenson et al., 2017). Two reanalyses of
WASP-43b at 4.5 pm also found eastward phase offsets, of 12 4+ 3° (Mendonga et al.,
2018) and 11.3 + 2.1° (Morello et al., 2019).

At 3.6 um we detected a phase offset of 11+ 7° (eastward). This is consistent with the
result of 12.2 + 7° for WASP-43b (Stevenson et al., 2017). The reanalyzed 3.6 um offsets
of WASP-43b are 3 £ 2° (eastward) (Mendonga et al., 2018) and 5.6 + 2.7° (eastward)
(Morello et al., 2019). The offsets we observed for Qatar-1b in both channels are on
opposite sides of the substellar point, but are just 1.50 away from one another. We plot
the phase offsets for Qatar-1b with the Spitzer phase curve offsets for the whole suite
of hot Jupiters in Figure 4.7, and plot the phase offsets of Qatar-1b with all published
phase offsets of WASP-43b and HD 20945b in Figure 4.8.

The planet CoRoT-2b was the first hot Jupiter with a robustly detected westward phase
curve offset (Dang et al., 2018). The offset was 21 4+ 4° west at 4.5 pm. A 3.6 pum phase
curve was not observed. The authors suggested three scenarios to cause the westward
offset: non-synchronous rotation, magnetic effects, or eastern clouds.

Like other hot Jupiters, Qatar-1b is expected to be tidally locked into synchronous

rotation (Showman and Guillot, 2002). However, if it was not synchronously rotating,
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Figure 4.6: An updated version of the dayside (top panel) and nightside (bottom panel)
temperatures plot from Keating et al. (2019), including Qatar-1b and KELT-
9b (Mansfield et al., 2020a). Qatar-1b, HD 209458b, and WASP-43b are
shown as opaque points. The horizontal axis is the irradiation temperature,
To = Tin/ Ry /a. On the top panel we also plot the equilibrium temperature
Ty = (1/4)Y*T; (dashed-dotted line), and the dayside temperature in the
limit of no heat transport: (2/3)Y4Ty (dashed line). Qatar-1b is plotted with
a square marker, and fits the trend that hot Jupiters have nightside tem-
peratures around 1100 K. Ultra-hot Jupiters, planets with irradiation tem-
peratures above ~3500 K, have hotter nightsides due to heat transport from
hydrogen dissociation and recombination.
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GCM simulations suggest Qatar-1b could have a reduced eastward offset or even westward
offset (Showman et al., 2009; Rauscher and Kempton, 2014). Either way, we would expect
to see the same direction of phase offset in both channels.

Magnetic drag can also reduce eastward phase offsets, or produce westward offsets
(Rauscher and Menou, 2013; Hindle et al., 2019). At high enough equilibrium temper-
atures, alkali metals in a planet’s atmosphere thermally ionize and interact with the
planet’s magnetic field, acting as a source of drag. The ultra-hot Jupiter WASP-18b was
found to have a small phase offset in its Wide Field Camera 3 phase curve, which the
authors attributed to magnetic drag (Arcangeli et al., 2019). Magnetic interactions can
also cause phase offsets to periodically change from east to west (Rogers, 2017). Such
a temporal change in phase offset was observed in Kepler phase curves of HAT-P-7b
(Armstrong et al., 2016), and the 3.6 um phase curve of WASP-12b (Bell et al., 2019).

Qatar-1b’s equilibrium temperature is below the threshold where magnetic effects are
expected to be significant (Menou, 2012), but its host star has a higher metallicity than
HD 209458 and WASP-43. A higher stellar metallicity may a suggest a larger number of
trace metals in the planetary atmosphere, resulting in a more strongly ionized atmosphere.
Magnetic field strengths of hot Jupiters are unknown, but could potentially be orders of
magnitude higher than Jupiter (Yadav and Thorngren, 2017). High metallicities and
strong planetary magnetic fields can decrease the threshold for magnetic drag effects to
become important (Menou, 2012).

The large uncertainty on the 4.5 pm phase curve offset means it is also consistent with
a negligible eastward offset. This may be evidence of magnetic drag. Otherwise, if the
phase curve offsets at both wavelengths are truly on opposite sides of the substellar point,
this could be evidence of magnetic variability on the timescale of about five days (the
time between the observations). If magnetic drag is reducing the wind speed, then deep
transport is needed to move heat to the nightside.

Dayside clouds could also cause reduced eastward phase offsets, westward offsets, or
variable offsets. The reflected optical phase curve of the planet Kepler-7b has a westward

offset, best explained by westward clouds (Demory et al., 2013; Roman and Rauscher,
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Figure 4.7: Phase offsets for all hot Jupiters with full-orbit phase curves. Qatar-1b is
denoted with a square marker.

2017). In the infrared, a westward offset could be caused by eastward clouds (Dang
et al., 2018), although cloud models do not generally predict this. Optically thick dayside
clouds could simply be obscuring the transported heat of Qatar-1b, leading to negligible
phase offsets in both channels. The dayside brightness temperatures are the same at both
wavelengths, consistent with blackbody emission from an optically thick cloud deck. Time
variable cloud coverage could also cause bright-spot variations, similar to the variability
seen for brown dwarfs.

The presence or lack of clouds can be tested by measuring the albedo at optical wave-
lengths, using the UVIS mode of the Wide Field Camera 3 instrument on board the
Hubble Space Telescope. Optical phase curves, such as one from the Transiting Exoplanet
Survey Satellite (TESS), could also measure the offset at visible wavelengths. TESS has

already observed the phase curve of Qatar-1b, so it could be analyzed as has been done

79



4 Smaller than expected bright-spot offsets in Spitzer phase curves of the hot Jupiter Qatar-1b

e 3.6um
4.5um
40 4
m
] 30
(O}
jul
(@)}
[}
©
~ 2014
-+
[}
(%]
&=
o
[} ]
n 10
©
<
- f
O o
_10 B
T T T T T
Qatar-1b WASP-43b (Stevenson+ 2017) WASP-43b (Mendonga+ 2018) WASP-43b (Morello+ 2019) HD 209458b

Figure 4.8: Phase offsets for just Qatar-1b, WASP-43b, and HD 209458b using all cur-
rently published values (Zellem et al., 2014; Stevenson et al., 2017; Mendonga
et al., 2018; Morello et al., 2019).

for some hotter planets (Shporer et al., 2019; Wong et al., 2020a,b; Bourrier et al., 2020;
Daylan et al., 2019).

Overall, Qatar-1b makes an interesting target for the James Webb Space Telescope
(JWST), especially as a comparison to WASP-43b, which will be observed extensively by
JWST as part of Early Release Science and Guaranteed Time Observations (Bean et al.,
2018). The upcoming ARIEL mission will also be able to measure spectroscopic phase

curves at a similar range of wavelengths as JWST (Tinetti et al., 2018) and potentially

probe time variability.

4.8 Conclusion

We presented full-orbit infrared phase curves of Qatar-1b taken with the Spitzer space

telescope at 3.6 ym and 4.5 pm. We summarize our results below.
e The dayside brightness temperatures are the same at both wavelengths.

e The nightside brightness temperatures are the same at both wavelengths, and follow
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the trend that hot Jupiters have the same nightside temperatures (Keating et al.,
2019; Beatty et al., 2019).

e Qatar-1b circulates a moderate amount of heat from day to night, similar to HD
209458b, but has a higher recirculation efficiency than WASP-43b. The three plan-

ets all receive the same amount of stellar irradiation.

e The bright-spot offsets for the two phase curves of Qatar-1b are consistent with
zero. They stand in contrast to the significant eastward hotspot offsets predicted
by GCMs and observed for HD 209458b and WASP-43b. The three planets all
receive the same amount of stellar irradiation, so this discrepancy points to the
importance of secondary parameters like rotation rate, gravity, or metallicity in
determining their atmospheric conditions. Some physical mechanisms to produce
the small offsets for Qatar-1b are subsynchronous rotation, magnetic effects, or

dayside clouds, but there is so far no strong evidence for any of these.

e Qatar-1b is an attractive target for the JWST and ARIEL missions, especially as
a comparison to WASP-43b which will be observed extensively. In the meantime,
Hubble UVIS observations may be able to test the dayside cloud hypothesis, as

would an analysis of the TESS optical phase curve.
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4.10 Epilogue

Qualitatively, the results were similar between the two reductions but there were still
discrepancies between some of the best-fit parameters. This suggests that although eclipse
depths seem to be robust between pipelines (Ingalls et al., 2016), trends across planets
whose phase curves were analyzed with disparate pipelines could have additional variance
due to discrepancies between the various photometry techniques, detector systematics
models, and MCMC algorithms used.

This was part of the motivation behind the wholesale reduction and reanalysis of the
suite of published 4.5 um Spitzer phase curves by (Bell et al., 2020), using the SPCA
pipeline. The best-fit parameters from their reanalysis of Qatar-1b agreed with the fidu-
cial analysis from this Chapter within 20. Along with the large uniform secondary eclipse
survey from Garhart et al. (2020), it is clear that hot Jupiter atmospheric characteriza-
tion is moving towards these types of uniform analyses. The next Chapter will present a
complementary technique that leverages the power of cutting-edge Bayesian statistics to

share information across observations of separate planets.
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Jupiters using hierarchical models of

Spitzer observations

5.1 Prologue

Hierarchical modelling is a way of sharing information across separate sets of observations
by fitting them simultaneously, and accounting for higher level structure in the data.
The work in this Chapter is the first application of hierarchical modelling to atmospheric
characterization of hot Jupiters. This Chapter demonstrates two applications: fitting
repeated Spitzer secondary eclipse observations of the same planet, and fitting secondary
eclipses from multiple planets. In both cases, hierarchical modelling gives more precise
estimates of secondary eclipse depths than analyzing the observations separately. Testing

the technique on Spitzer data allows us to set the stage for next-generation missions.
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5.2 abstract

The field of exoplanet atmospheric characterization is trending towards comparative stud-
ies involving many planetary systems, and using Bayesian hierarchical modelling is a nat-
ural next step. Here we demonstrate two use cases. We first use hierarchical modelling
to quantify variability in repeated observations by reanalyzing a suite of ten Spitzer sec-
ondary eclipse observations of the hot Jupiter XO-3b. We compare three models: one
where we fit ten separate eclipse depths, one where we use a single eclipse depth for all ten
observations, and a hierarchical model. By comparing the Widely Applicable Information
Criterion of each model, we show that the hierarchical model is preferred over the others.
The hierarchical model yields less scatter across the suite of eclipse depths—and higher
precision on the individual eclipse depths—than does fitting the observations separately.
We find that the hierarchical eclipse depth uncertainty is larger than the uncertainties
on the individual eclipse depths, which suggests either slight astrophysical variability or
that single eclipse observations underestimate the true eclipse depth uncertainty. Finally,
we fit the suite of published dayside brightness measurements of 37 planets from Garhart
et al. (2020) using a hierarchical model of brightness temperature vs irradiation tem-
perature. The hierarchical model gives tighter constraints on the individual brightness
temperatures than the non-hierarchical model. Although we tested hierarchical modelling
on Spitzer eclipse data of hot Jupiters, it is applicable to observations of smaller planets
like hot neptunes and super earths, as well as for photometric and spectroscopic transit

or phase curve observations.

5.3 Introduction

Although the Spitzer Space Telescope wasn’t designed for exoplanet science, it was a
workhorse for the field (for a recent review, read Deming and Knutson, 2020). In particu-
lar, observations of exoplanet transits, secondary eclipses, and phase curves with Spitzer’s
Infrared Array Camera have been used to characterize the atmospheres of over a hundred

transiting planets.
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Substantial progress has been made towards a statistical understanding of exoplane-
tary atmospheres (Cowan and Agol, 2011a; Sing et al., 2016; Schwartz and Cowan, 2015;
Schwartz et al., 2017; Parmentier and Crossfield, 2018; Zhang et al., 2018; Keating et al.,
2019, 2020; Baxter et al., 2020; Bell et al., 2021). Many of the planets in these stud-
ies had been analyzed using disparate reduction and analysis pipelines, but researchers
have started uniformly analyzing observations of multiple planets using a single pipeline.
Garhart et al. (2020) independently reduced and analyzed 78 eclipse depths from 36 plan-
ets and found that hotter planets had higher brightness temperatures at 4.5 ym than at
3.6 pm. Bell et al. (2021) reanalyzed every available Spitzer 4.5 pm hot Jupiter phase
curve using an open-source reduction and analysis pipeline, confirming several previously
reported trends.

In this work we outline a complementary way to further the statistical understanding of
exoplanet atmospheres: fitting measurements from multiple planets simultaneously using

hierarchical models to robustly infer trends.

5.3.1 Spitzer Systematics

Exoplanet observations taken with Spitzer’s Infrared Array Camera (IRAC; Fazio et al.,
2004) are dominated by systematics noise. The systematics are driven by intrapixel
sensitivity variations on the detector and by now are well characterized (Ingalls et al.,
2016). Detector systematics are typically fitted simultaneously with the astrophysical
signal of interest. Each transit, secondary eclipse, and phase curve yields information
about the IRAC detector sensitivity, but typically this information is not shared between
observations.

Since the Spitzer systematics are a function of the centroid location on the pixel, efforts
have been made to map the detector sensitivity independently using observations of quiet
stars (Ingalls et al., 2012; Krick et al., 2020; May and Stevenson, 2020). The flux of a
calibration star should be constant as a function of time, so any deviation must be due
to the centroid moving across the detector as the telescope pointing drifts. A crucial

assumption for this approach is that the Spitzer systematics do not vary with time, and
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that they are not dependent on the brightness of the star. Ingalls et al. (2012) and
May and Stevenson (2020) approached the problem by explicitly calculating the detector
sensitivity, while Krick et al. (2020) used a machine learning technique called random
forests to look for patterns in the systematics.

Other approaches do not assume anything explicit about the detector sensitivity. In-
dependent component analysis (Waldmann, 2012; Morello et al., 2014, 2016) separates
the signal into additive subcomponents using blind source separation, with the idea being
that one of these signals is the astrophysical signal. In another approach, Morvan et al.
(2020) used the baseline signal before and after a transit to learn and predict the in tran-
sit detector systematics using a machine learning technique known as Long short-term
memory networks.

In this work, we opted to parameterize and fit the detector systematics simultaneously

with the astrophysical signal to account for any correlations between the two.

5.3.2 Hierarchical Models

Bayesian hierarchical models (Gelman et al., 2014) are routinely used in other fields
because they offer a natural way to infer higher level trends in a dataset and can increase
measurement precision. They are gaining traction in exoplanet studies: for example,
to study the mass-radius (Teske et al., 2020) and mass-radius-period (Neil and Rogers,
2020) relations, and radius inflation of hot Jupiters (Sarkis et al., 2021; Thorngren et al.,
2021). Hierarchical models have not yet been applied to atmospheric characterization of
exoplanets.

There is one major difference between a typical Bayesian model and a hierarchical one.
In a traditional Bayesian model, we estimate the probability distribution of our model
parameters given our observed data and the prior probability of each model parameter.
The prior distribution encodes our previous knowledge about the most likely values of the
parameters and is specified before fitting the model. In a hierarchical model, however,
the prior distributions themselves are parameterized using so-called hyperparameters.

The hyperparameters become part of the model and are fitted simultaneously with the
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other parameters of interest. As we explain in the next section, this naturally represents
how our intuition pools information across observations. It also helps to tame models by
compromising between overfitting and underfitting.

Hierarchical models should be used whenever the data allow us to refine our knowledge
of the prior distribution, which happens when a certain quantity is measured multiple
times. A natural example in exoplanet science is repeated Spitzer observations of the
same target. To demonstrate, we start with the archetypical suite of of ten Spitzer IRAC
Channel 2 (4.5 pm) secondary eclipses of the eccentric hot Jupiter XO-3b (Wong et al.,
2014). Below we explain the model and present our results. Afterwards, we show how
we extend the model to fit multiple eclipses from different planets simultaneously and
present results from fitting the eclipse data from Garhart et al. (2020) with a hierarchical

model.

5.4 Hierarchical Model of X0O-3b Eclipses

In the Spitzer data challenge, several groups analyzed ten secondary eclipses of XO-3b in
order to test the repeatability and accuracy of various decorrelation techniques (Ingalls
et al., 2016). The reduced archival data from the data challenge are publicly available,
so we downloaded them rather than reducing them ourselves.

For XO-3b and other planets with repeated secondary eclipse observations, the eclipses
have usually been fitted separately from one another, with a separate eclipse depth pa-
rameter for each observation (Ingalls et al., 2016; Kilpatrick et al., 2020). In other cases,
a single eclipse depth parameter has been used to simultaneously fit multiple secondary
eclipse measurements (Wong et al., 2014). This is also what is typically done for phase
curves that are bracketed by two eclipses (Cowan et al., 2012; Bell et al., 2021).

However, neither approach quite matches what our intuition tells us. Because we are
measuring the same thing each time, fitting the eclipse observations separately amounts
to overfitting the individual observations, and fitting a single eclipse parameter amounts

to underfitting all of the observations. If we observe one secondary eclipse, we would
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expect that the next one we observe would have a similar— but not identical— depth,
due to measurement uncertainty, if not astrophysical variability. The second eclipse
we observe would also change our beliefs about the first one. Each measurement of
the planet’s eclipse depth can be thought of as a draw from a distribution, with some
variance. With enough measurements, the shape of this distribution can be inferred. A
hierarchical model naturally takes all of this into account by fitting for the parameters
that describe the higher level distribution simultaneously with the astrophysical signal of
each observation.

Bayesian analysis requires us to specify priors on the parameters we are trying to infer.

We can write down our prior on the ith eclipse depth as

D; ~ N (u,0), (5.1)

where we have used the tilde shorthand (~) to mean that the eclipse depth is drawn
from a normal distribution centered on p with a standard deviation of o; p and o are
hyperparameters. In a non-hierarchical model, we would specify 1 and ¢ to represent our
prior expectations of what D; could be. After fitting, we would get a separate posterior
distribution for each eclipse depth.

In a hierarchical model, we instead make p and o parameters and fit them simultane-
ously with the ten eclipse depths. We represent our beliefs about hyperparameters p and
o with hyperpriors. This allows each eclipse observation to inform the others, by pulling
the eclipse depths closer to the mode of the distribution of . This is known as Bayesian
shrinkage. After fitting, we get a posterior distribution for each eclipse depth, as well as
for u and o.

In the limit that o goes to infinity, the hierarchical model is equivalent to the model
with completely separate eclipse depths. Likewise when o goes to zero, it is equivalent
to the single eclipse depth model. A hierarchical model empirically fits for the amount

of pooling based on what is most consistent with the observations.
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5.4.1 Priors

Priors are necessary in a fit to encode prior knowledge, as well as to properly sample a
model. In all cases, we use weakly informative priors rather than flat, “uninformative”
priors. A flat prior is equivalent to saying that all values of eclipse depth are equally
likely, even extremely large, unphysical values. Instead, we chose to place a normal prior
with a large standard deviation so that we kept the predicted values within the right order
of magnitude. Half-normal priors or wide normal priors are unlikely to introduce much
bias into the parameter estimates and can make sampling more efficient. Flat priors are
discouraged in practice because we usually have at least some vague knowledge of the

range of values a parameter can take (Gelman et al., 2017).

5.4.2 Astrophysical Model

The astrophysical model for each observation was a secondary eclipse. We used STARRY
(Luger et al., 2019) to compute the shape of each eclipse, with the depth and time of
eclipse left as free parameters. We fixed the radius of the planet and host star, the
orbital period, ratio of semi-major axis to stellar radius, orbital inclination, longitude of
periastron and eccentricity to the literature values.

To get a rough upper limit on the eclipse depth, we used the parameterization of Cowan
and Agol (2011a) to calculate the maximum dayside temperature, in the limit of a Bond

albedo of zero and no heat recirculation:

R /2 1/4
Timax = 1o — | = . 5.2
d, Vi (3) (5.2)

Here Tig is the stellar effective temperature, and a/R, is the ratio of semimajor axis to
stellar radius. We note that this equation assumes a circular orbit, while XO-3b is on an
eccentric orbit (e = 0.28; Bonomo et al., 2017). Nonetheless, it allows us to get an order

of magnitude estimate of the eclipse depth.
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The above temperature can be converted to an eclipse depth using

where B is the Planck function, and T 45, is the brightness temperature of the star
at 4.5 pm, which we calculated by integrating PHOENIX models (Allard et al., 2011)
over the Spitzer bandpass (Baxter et al., 2020). We represent the eclipse depth when
T4 = Ty max bY Dmag-

For the non-hierarchical model, we placed a wide prior on the eclipse depth to pre-
vent biasing the value: D ~ N(Dnaz/2, Dimaz/2). For the time of eclipse, we let 7 ~
N (At/2, At/2) where At is the duration of the observation, and time is measured from
the start of the observation. We experimented with various priors and found that our
resulting fits were consistent and not strongly dependent on the choice of priors.

For the hierarchical model, we used a wide Normal prior for the hierarchical mean:
p ~ N (Dpar/2, Dinaz/2). For the hierarchical standard deviation we used a weakly in-
formative Half-Normal prior: o ~ Half-A/(300ppm). We then let the individual eclipse

depths be drawn from the following higher level distribution: D; ~ N (u, o).

5.4.3 Detector Systematics: Gaussian Processes

The IRAC detector sensitivity in Channels 1 and 2 depends on the target centroid position
on the detector. To parameterize this behaviour, we used a Gaussian process. The
advantage of using a Gaussian process is that it doesn’t require calculating the detector
sensitivity explicitly, in contrast with polynomial models (Cowan et al., 2012) or BLISS
(Stevenson et al., 2012b).

When using Gaussian processes, we make the usual assumption that the data are nor-
mally distributed, but allow for covariance between data points. The likelihood function

can be written

p(dataly) ~ N (ugp, ), (5.4)

where 7 represents the model parameters and independent variables, and pugp is the
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mean function around which the data are distributed. The covariance function, I, is
an n X n matrix where n is the number of data. The entries along the diagonal of X
are the measurement uncertainties on each datum, which we denote by ophot, and the
off-diagonal entries are the covariance between data. When the off-diagonal elements are
equal to zero, the likelihood function reduces to the usual assumption of independent
Gaussian uncertainties.

Although it is computationally intractable to fit each off-diagonal entry of the co-
variance matrix, they can be parameterized using a kernel function with a handful of

parameters. We used the squared exponential kernel employed by Evans et al. (2015)

eE-e)] e

where x and y represent the centroid locations on the IRAC detector, in pixel coordi-

Y, =Aexp

nates. The terms [, and [, are the covariance lengthscales, and A is the Gaussian process
amplitude. The squared exponential kernel has the intuitive property that locations on
the detector pixel that are close together should have similar sensitivity. If the length
scales are fixed by the user rather than fitted for, this boils down to the Gaussian kernel
regression of Knutson et al. (2012) and Lewis et al. (2013).

With no loss of generality, we can let the mean function be zero, and instead fit the

residuals between the astrophysical model and observations which gives

p(residuals|y) ~ N (0, ). (5.6)

We placed weakly informative inverse gamma priors on the lengthscales. We chose
the parameters such that 99% of the prior probability was between lengthscales 0 and 1,
measured in pixels. This gives p(l,),p(l,) ~ InverseGamma(a=11, §=5).

For the amplitude A, we used a weakly informative half normal prior: A ~ Half-
N (0, AF/3), where AF is the range of observed flux values. By using a half normal prior,
we weakly constrain the scale of the Gaussian process amplitude without introducing bias.

We placed the same prior on the white noise uncertainty ophot.
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5.4.4 The posterior

For each eclipse, we fit the eclipse depth D, time of eclipse 7, photometric uncertainty
Ophot, Gaussian process lengthscales [, and [, and Gaussian process amplitude A. The
planet-to-star flux ratio as a function of time ¢ is given by F. The z and y centroid
locations are included as covariates. We also fit for the hierarchical eclipse depth mean
1, and standard deviation o.

The likelihood function for one eclipse is given by
p(F|t7m7y70-phot7D7,U/70-7 T, lanly) (57)
and the prior is

p(t7 x7 y7 UphOt7D7 ILL7 0-7 T’ lx7ly)' (5'8)

We form the posterior function by multiplying the likelihood and prior together:

p(D, p,0,0|F) o p(F|D, p,0,0)p(D, p1,0,0) (5.9)

where we have used 6 = {t,x,y, Ophot, T, -, [, } for simplicity.
First, note that the likelihood function does not depend on the hierarchical parameters
directly, so we can remove y and o from the brackets of the likelihood function. Second,

the eclipse depth depends on the hierarchical parameters in this way:

p(D, p,0)
p(D|p,0) = ————, 5.10
) = o) 10
where we have made use of Bayes’ theorem.
This means we can rewrite the likelihood and prior to obtain:
p(D, pu,0,0|F) < p(F|D,0)p(D|u,o)p(p,c,0). (5.11)

It is this refactoring that makes a hierarchical model different from a non-hierarchical

one.
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To form the posterior of the full hierarchical model, we multiply the individual eclipse

posteriors together:

n

Hp(D’H M, o, 9l|E) X

= (5.12)

n

(p(p, )" [ [ (Fi| Ds, 0:)p(Dil 1, o) p(6;)

i=1

where n is the number of eclipse observations, 10 in the case of the XO-3b dataset. We
have also used the fact that the priors on 6; are independent from the priors on the

hyperparameters p and o to perform the separation p(u, o, 6;) = p(u, o)p(6;).

5.4.5 Hamiltonian Monte Carlo

We used the probabilistic programming package PyMC3 to build and sample from the
model. PyMC3 uses Hamiltonian Monte Carlo (HMC), the state-of-the-art Markov Chain
Monte Carlo (MCMC) algorithm, to perform the sampling. HMC is more efficient than
other MCMC algorithms, meaning it can effectively describe the posterior using fewer
samples than other MCMC algorithms. For high dimensional models, and especially for
high dimensional hierarchical models with pathological parameter spaces, the reduction
in sample size afforded by HMC is all but necessary (Betancourt and Girolami, 2013).
Hamiltonian Monte Carlo works by treating probabilistic systems as if they are instead
physical systems (Betancourt, 2017). The chains in an MCMC sampler move through
parameter space to estimate the shape of the posterior; an equivalent physical system is
the motion of a satellite orbiting a giant planet where the planet represents the mode of the
probability distribution. The crucial step in HMC is to transform these trajectories from
parameter space to momentum space (i.e., the space of the derivatives of the coordinates)
using the Hamiltonian of the system, and sample from that instead by proposing a move
in momentum space. By using conservation of energy, the HMC chains tend to remain
in regions of high probability. In this way they efficiently traverse the typical set of the
distribution, roughly defined as where the most of the probability mass of the posterior

is concentrated.
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To use Hamiltonian Monte Carlo, the gradient of the likelihood function, with respect
to the parameters, is needed in order to construct the Hamiltonian of the system. PyMC3
does this using Theano, which is a deep learning library that allows for efficient manipu-
lation of matrices (The Theano Development Team et al., 2016). STARRY is also built
on Theano and allows for analytic expressions and gradients in the general case of eclipse
and phase mapping. In our case, because we are dealing with eclipse-only observations
and are able to neglect planetary limb darkening, the eclipse expressions reduce to the
analytic expressions of Mandel and Agol (2002). Because astrophysical parameters tend
to be correlated, we used the dense mass matrix HMC step from the exoplanet package
(Foreman-Mackey et al., 2021).

The biggest advantage is that HMC can diagnose problematic posteriors or models.
Posteriors with pathological regions, such as high curvature, are hard for typical MCMC
samplers to explore efficiently; hierarchical models exhibit such pathologies. This can lead
to biases in the final results that are hard to diagnose because typical samplers do not have
the ability to properly detect and respond to parameter spaces with extreme geometries.
When an HMC chain gets stuck in a region of high curvature or otherwise behaves badly,
it will diverge to infinity and the sampler keeps track of where this occurred. Divergences
can often be eliminated by changing the acceptance probability of the sampler, or by

reparameterizing the model.

5.4.6 Model comparison: Information Criteria

It is common among exoplanet scientists to use the Bayesian Information Criterion
(BIC) or Aikake Information Criterion (AIC) to perform model comparison and selection
(Schwarz, 1978; Akaike, 1974). Both criteria use the maximum likelihood and a com-
plexity term to penalize overly complex models. These two information criteria describe
slightly different things— the AIC measures the relative predictive loss of a set of models,
and the BIC measures how close each model is to the true model. In practice (at least
in exoplanet science), they typically yield similar conclusions.

A shortcoming shared by BIC and AIC is that they are accurate only when using flat
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priors, which are not recommended for most models (Gelman et al., 2017). The AIC
also assumes that the posterior distributions are multivariate Gaussians. The priors are
never flat for hierarchical models, which means we cannot use the AIC or BIC for model
comparison.

A more general model comparison tool is the Widely Applicable Information Criterion
(WAIC; Watanabe, 2010). The WAIC is Bayesian, uses the full fit posterior and, critically,
makes no assumptions about the shape of the posterior or priors. The WAIC is easily

computed from the full fit posterior (McElreath, R., 2020):
WAIC(data, ©) = —2 <lppd — ZV&I‘@ (logp (F; | Dy, 01))> (5.13)

where O is the posterior, F; stands for the i"* eclipse observation, data refers to the entire

suite of observations, and Ippd stands for the log-pointwise predictive-density,

S
1
Ippd = > "log (g > p(Fi| D, e@) 7 (5.14)
7 s=0

where S is the number of samples and 6; ; is the S™ set of parameters for the i*" obser-
vation. The log predictive pointwise density is an estimate of how well the model would
fit new, unseen data. The second term in the WAIC expression is a penalty term that
penalizes overly complex models.

Once MCMC sampling has finished, the WAIC can be computed in a few lines of code
using the MCMC chains. It is also possible to compute the standard error of the WAIC,
something that is not possible with the BIC or AIC. If the difference in WAIC between
two models is significantly larger than the standard error of the difference, then the model
with the smaller WAIC is favoured over the other. If the difference in WAIC is smaller
than the standard error of the difference, then the models make equally good predictions
and there is no evidence to favour one over the other.

Since all modern secondary eclipse, transit and phase curve analyses use Markov Chain
Monte Carlo to sample and store the posterior draws, the WAIC is a better choice than

BIC or AIC for model comparison.
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5.4.7 Pooling the GP parameters

We hypothesized that fitting a common set of Gaussian process amplitude and length
scales across the suite of eclipses would yield more precise eclipse depths by sharing
information about the detector sensitivity across the observations. Because we used
Hamiltonian Monte Carlo, it was feasible to fully marginalize over the Gaussian process
hyperparameters. However, we found that the fitted eclipse depths had nearly identical
means and standard deviations between the shared and non-shared detector models of
X0O-3b. In practice we adopted the shared GP model for XO-3b because it has fewer

parameters and is therefore easier to sample.

5.4.8 Results

We fit the ten 4.5 pm eclipses of XO-3b with three models: a model where each eclipse
observation had its own, separate eclipse depth parameter, one where we used a single,
pooled eclipse depth for all the observations, and a hierarchical model. To fit each model,
we used 2000 tuning steps to initialize four HMC chains, and obtained 1000 samples for
each chain. After sampling, we confirmed that the Gelman-Rubin statistic was close to
1 for all parameter values, and that there were no divergences. The eclipse depths from
each model are shown graphically in Figure 5.1 and tabulated in Table 5.1. The best-fit
model for each eclipse observation is shown in Figure 5.2. Figure 5.3 shows the best-fit
eclipse signal after removing the detector systematics.

We also computed the AWAIC values compared to the best fit model, shown in Ta-
ble 5.2. The hierarchical model had a significantly lower WAIC than the separate model,
and a marginally lower WAIC than the single eclipse depth (pooled) model. This suggests
that the eclipse depths are indeed different between observations, but are more similar
than if we had used a separate eclipse parameter to describe each. This also hints at
some variability from observation to observation. Typical hot Jupiters are predicted to
show some epoch-to-epoch variability (Komacek and Showman, 2020), which is another
reason to adopt the hierarchical model over the pooled one.

The mean eclipse depth for the three models are consistent with one another within
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Figure 5.1: Eclipse depths of XO-3b for the three different models. The pooled model has
the lowest eclipse depth uncertainty, but is not the best model according to
the WAIC. The hierarchical model is the best model, and yields eclipses that
are closer together, with lower uncertainties on the individual eclipse depths
than the separate model (15% smaller on average). The hierarchical model
represents a compromise between the overfit separate model and the underfit
pooled model.
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Figure 5.2: The full fit to each of the ten XO-3b eclipses, using the hierarchical model for
the eclipse depths and a pooled Gaussian process for the detector systematics.
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Figure 5.3: The ten XO-3b eclipses with the detector systematics removed using a Gaus-

sian process as a function of stellar centroid location. The eclipse signal is
clearly visible in the corrected raw data (represented by the black dots), and
the best fit eclipse signal for each is shown as the red line.
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Table 5.1: Best-fit eclipse depths from each model of the ten Spitzer IRAC channel 2
eclipses of XO-3b. The parameters p and o are the hierarchical mean and
standard deviation for the suite of eclipse depths. With the pooled model, we
are implicitly assuming ¢ = 0, while for the separate model we are implicitly
assuming ¢ = oo. The hierarchical model fits for the amount of pooling, and
is preferred over both the completely pooled and separate models.

Eclipse Number Hierarchical (ppm) Pooled (ppm) Separate (ppm)

1 16024122 150745 1655+144
2 1723+148 150745 1892163
3 17444136 150745 18944142
4 15484111 1507145 15614140
) 1366119 1507+45 1269+£140
6 15384120 1507£45 1553£153
7 1455118 150745 14124146
8 1378+123 150745 1280£150
9 1468105 1507145 14384126
10 1383+£108 1507+45 1316£118
I 1520£81 1507145 15274219
o 193£80 0 00

Table 5.2: Comparison of different information criteria for the three XO-3b eclipse depth
models— lower values are better. For the WAIC we also tabulate the standard
error in the difference between each model. Using the BIC and AIC the pooled
model is preferred. However, our model does not satisfy the assumptions
necessitated by the BIC and AIC. The WAIC is more robust. According to
the WAIC, the hierarchical model is the preferred model.

Model A WAIC OAWAIC AAIC ABIC

Hierarchical 0.0 0.0 7.46 10.80
Pooled 8.54 5.04 0 0
Separate 65.66 25.60  20.31 23.03
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the uncertainties. In Figure 5.1, we see the effects of shrinkage on the eclipse depths.
Compared to the separate model, the hierarchical model yields smaller scatter across the
suite of eclipse depths and higher precision on the individual eclipse depths. Additionally,
the individual uncertainties on the fitted eclipse depths are smaller by 15% on average
in the hierarchical fits compared to the separate fits. The individual eclipse depth obser-
vations help constrain each other by shrinking the whole suite of eclipse depths towards

the grand mean, but not as much as in the completely pooled model.
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5.5 Hierarchical model for multiple planets

While hierarchical modelling is most obviously applicable for repeated measurements of
the same planet, we can also extend it to secondary eclipse observations of multiple planets
analyzed simultaneously. We considered the observations from Garhart et al. (2020), the
largest dataset of uniformly reduced and analyzed hot Jupiter secondary eclipses.

We expect that a hot Jupiter’s dayside temperature, Ty, is approximately proportional
to its irradiation temperature, T = Teﬁ‘\/m. We built a hierarchical model by in-
cluding this intuition in our hyperprior, and making the hierarchical mean a function of
irradiation temperature:

Ha = T (T() - <T0>> + b,

where (Tj) is the average irradiation temperature for the ensemble of planets. In other
words, our hierarchical mean is now a line described by a slope and standard deviation
in the Ty vs Ty plane. We represent the scatter about this line using the hyperparameter
o4. The prior on the dayside brightness temperature for a given planet is then Tg, ~
N (p1a,04)-

For this hierarchical model, the hierarchical mean itself depends on two hyperparam-
eters, the slope and intercept of the line, which we fit for simultaneously with the suite
of dayside brightness temperatures. We used the following weakly informative priors for
the hyperparameters: m ~ N (1,0.5), b ~ N(2200K,500K), o4 ~ Half-N (500K).

We included the planets with measurements at both 4.5 ym and 3.6 pum, which gave a
total of 33 planets. Fitting 66 eclipse observations simultaneously with a two-dimensional
Gaussian process is computationally intractable using the hardware we had available, so
we took the published measurements at face value rather than refit them. The reported
eclipse depths and uncertainties are correct but were not properly propagated when con-
verting to brightness temperature uncertainties (D. Deming, private communication), so
we kept the sample of eclipses and eclipse depths measured by Garhart et al. (2020) but
used the brightness temperatures and uncertainties calculated by Baxter et al. (2020).

Comparing the two datasets, Garhart et al. (2020) overestimated the brightness temper-
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ature uncertainties by about a factor of two for each planet.

We again used PyMC3, and first fit a non-hierarchical model as our baseline, using
separate Ty, parameters for each eclipse. As expected, this model just reproduces the
published dayside temperatures and uncertainties. This also acts as a confidence check
that our priors are not biasing the fitted parameters.

Since there are measurements at two different wavelengths, we fit two different versions
of the hierarchical model. In the wavelength dependent model, we allowed the dayside
brightness temperature distributions to be different between the two wavelengths, fitting
one set of hierarchical parameters for the 4.5 um measurements, and another set for
the 3.6 pm measurements. In the wavelength independent model, we used a common
distribution for all the measurements, and thus one set of hierarchical parameters. We
tabulate the refit brightness temperatures in Table 5.3 and plot them in Figure 5.4.

We show the difference in WAIC values for the three models in Table 5.4. The wave-
length independent model did slightly better than the wavelength dependent model (A
WAIC = 0.54), however the uncertainty on that difference is 1.35, meaning the mod-
els make equally good predictions. In the wavelength independent model, the dayside
brightness temperatures for both channels follow the same slope, or equivalently, the ra-
tio of the slopes for each channel is equal to one. This means we are not detecting—nor
ruling out—the trend of increasing brightness temperature ratio versus stellar irradiation
reported by Garhart et al. (2020) and Baxter et al. (2020). The best-fit hierarchical pa-
rameters from our wavelength independent model are pg = 1.24 £ 0.06, b = 2003 + 24K,
and o, = 181 £+ 20K.

The difference in WAIC suggests that the non-hierarchical model makes equally good
predictions compared to the wavelength independent hierarchical model (Table 5.4),
which is at odds with expectations that irradiation temperature should determine plan-

etary dayside temperatures.
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Table 5.3: Results from fitting a wavelength independent hierarchical model to the
Garhart et al. (2020) eclipse dataset. The columns Ty e and Ty list the
refit dayside brightness temperatures at 4.5 ym 3.6 pum.

Planet To(K) Toano (K) Tt (K)
HAT-P-13b  2331£75 1739481  1776+79
HAT-P-30 b 2315461  1763+61 1860449
HAT-P-33 b 2517448 1912485 1993463
HAT-P-40 b 2496493  1867+100 19754113
HAT-P-41b 2739462 2171477 21584124
KELT-2 Ab 2418444  1693+49 1861442
KELT-3 b 2577462 2006458 2270457
Qatar-1b 1964461 1466493  1409+117
WASP-100 b 31114242 2362480  2257+74
WASP-101 b 2198457 1509456 1678458
WASP-103 b 35434110 3299451 30054119
WASP-104 b 2144461 1779488 1717470
WASP-12 b 36544129 2665442 2876440
WASP-121 b 3336486 2594434 2370435
WASP-131 b 2035451 1174486 14084983
WASP-14 b 2636485 2186483 2239438
WASP-18 b 33914103 3102492 2917496
WASP-19 b 2922465 2273459 2323453
WASP-36 b 2403464  1647+125 1672+154
WASP-43 b 19454112 1496+24 1660424
WASP-46 b 2345478  1910£105 16484146
WASP-62 b 2018449 1561458 1852468
WASP-63 b 2165464 14374104 1586485
WASP-64 b 2390474 17054122 2051479
WASP-65 b 2100483 13674131 1727494
WASP-74 b 2720475 2108449 2003438
WASP-76 b 3087466 2471432 2412428
WASP-77 A b 2363444 1635436 1689431
WASP-78 b 32464124 2579+148 26994123
WASP-79 b 2492475  1885+52  1895+47
WASP-87 b 3268496 2815479 2673476
WASP-94 A b 21274109 1412449 1530435
WASP-97 b 2178459 1593443 1723439

Table 5.4: WAIC scores for the three models used to fit the suite of eclipses from Garhart
et al. (2020)— lower values are better. We also tabulate the standard error of
the difference in WAIC between each model. The three models make equally
good predictions according to the WAIC scores.

Model A WAIC OAWAIC
Separate 0.0 0.0
Wavelength Independent 1.13 2.54
Wavelength Dependent 1.67 2.42
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Figure 5.4: Dayside brightness temperatures, at 3.6 ym and 4.5 pum, for the planets an-
alyzed by Garhart et al. (2020), refit with a wavelength independent hier-
archical model. The red dots are the published values and the black line is
the best fit trend line. The effects of Bayesian shrinkage are evident: the
measurements are clustered closer to the line, and the uncertainties on the
measurements are reduced.
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Figure 5.5: Dayside brightness temperatures from Fig 5.4, scaled by irradiation tem-
perature. The horizontal lines represent some theoretical limits on dayside
temperature assuming a zero Bond albedo: the solid line assumes zero heat
recirculation, the dashed line assumes a uniform dayside hemisphere but a
temperature of zero on the nightside, and the dotted line assumes a uniform
temperature at every location on the planet.
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5.6 Discussion and conclusions

5.6.1 Repeat observations of a single planet

In our reanalysis of the ten secondary eclipses of XO-3b, we found that the hierarchical
model was favoured over the two non-hierarchical models. This means that the measured
eclipse depths are indeed different from epoch to epoch, yet clustered. The biggest differ-
ence compared to previous analyses is that we were able to empirically fit for the amount
of epoch-to-epoch scatter favoured by the data, and doing this improves the precision
on our measurements by 15% on average, because of Bayesian shrinkage. Notably, we
found that the hierarchical eclipse depth had a larger standard deviation than the indi-
vidual measurements, suggesting that measuring just one eclipse depth could lead one to
underestimate the true uncertainty compared to the hierarchical approach.

Hierarchical models could improve measurements of other hot Jupiters and other types
of planets. Hierarchical models could be used to robustly test the reported variability
in the secondary eclipses of the super earth 55 Cancri e (Demory et al., 2016; Tamburo
et al., 2018), or to fit the twelve Spitzer eclipses of the recently discovered hot Saturn
LTT 9779b (Dragomir et al., 2020). The published variability constraints for HD 189733b
(Agol et al., 2010) and HD 209458b (Kilpatrick et al., 2020) could also be revisited with
hierarchical models.

Repeated phase curve observations could benefit from using hierarchical models. The
hot Jupiter WASP-43b has one published (Stevenson et al., 2017; Mendonga et al., 2018;
Morello et al., 2019; May and Stevenson, 2020; Bell et al., 2021), and two unpublished,
Spitzer phase curves at 4.5 pum. A hierarchical model could be used to better constrain
the phase amplitudes and offsets of the three 4.5 um phase curves by fitting them simul-
taneously.

To test whether we are seeing the effects of variability or detector systematics, the best
approach is to compare planets with repeated observations in both Spitzer channels. If
certain types of planets have larger hierarchical eclipse standard deviations, the culprit

could be time variability that is only exhibited by certain planets. Otherwise, if one
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Spitzer channel tends show more variability regardless of planet, it suggests that detector
systematics are at play. Spectroscopic observations will also be able to break the degen-
eracy between variability and detector systematics, as would simultaneous measurements

with multiple instruments.

5.6.2 Parallel analysis of multiple planets

We showed that our hierarchical model of measurements from multiple planets yields
smaller uncertainties on the individual eclipse depths, and tends to shrink the eclipse
depths toward the trend line. We did not detect the trend of increasing brightness
temperature ratio with increasing stellar irradiation reported by Garhart et al. (2020)
and Baxter et al. (2020), nor did we rule it out. The hierarchical models made predictions
that were as good as the non-hierarchical model, when comparing the WAIC values.

One possible explanation is that the uncertainties on the eclipse depths are underesti-
mated due to detector systematics or astrophysical variability. This was first suggested by
Hansen et al. (2014), who concluded that the first generation of Spitzer eclipse uncertain-
ties may be underestimated by up to a factor of 3, probably due to inadequate treatment
of detector systematics. Hot Jupiter infrared eclipse depths are generally assumed to be
the same from epoch-to-epoch because most general circulation models produce stable cir-
culation patterns (Komacek and Showman, 2020), but recent work using high-resolution
GCMs predicts multiple equilibria in hot Jupiter atmospheres and transient planetary-
scale storms (Cho et al., 2021). The consequence of such variability, much like detector
systematics, is that measuring just a single eclipse for a planet in a given bandpass would
lead one to underestimate the uncertainty. Indeed, we found that for XO-3b, the hierar-
chical standard deviation was larger than the individual uncertainties by about a factor
of 1.5-2. This suggests that if we had observed only one eclipse of XO-3b, we would
have underestimated the eclipse depth uncertainty compared to the estimate from the
hierarchical model.

In the context of a hierarchical model, small measurement uncertainties leave less

leeway for Bayesian shrinkage. Indeed, repeating our analysis using the larger, albeit
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miscalculated, uncertainties from Garhart et al. (2020) showed a marked improvement
when using the hierarchical model compared to the completely separate model (see the
Appendix for the results of that analysis).

Another explanation for the marginal performance of hierarchical models on the Garhart
et al. (2020) ensemble of planets is that irradiation temperature is not the sole determi-
nant of planetary dayside temperatures. It is becoming clear that secondary parameters
like planetary mass, radius, and rotation rate play important roles in determining atmo-
spheric circulation on hot Jupiters (Keating et al., 2019; Bell et al., 2021). Differences in
these parameters could contribute additional planet-to-planet scatter.

In this work we used the largest subset of Spitzer secondary eclipses that had been
uniformly reduced and analyzed. One obvious extension of our work is to refit the de-
tector systematics and astrophysical signals for all Spitzer secondary eclipses using a
uniform pipeline. We recommend using a hierarchical model for the dayside brightness
temperatures and placing a second level of hierarchy on the planets with repeated eclipses.
This would take a prohibitively long time using a two dimensional Gaussian process and
conventional hardware like we did for XO-3b, but it could potentially be done using
high-performance or GPU computing. Alternatively, such a fit could be done using an
easier-to-compute detector model like Pixel Level Decorrelation (Deming et al., 2015;
Garhart et al., 2020), especially with PyMC3.

In this work we have shown that hierarchical models are useful when analyzing re-
peated measurements from a single target, or when doing comparative exoplanetology of
many targets. Next generation telescopes like James Webb and Ariel will make repeated
measurements of certain targets, and will both carry out photometric and spectroscopic
transit, eclipse, and phase curve surveys for a variety of targets (Bean et al., 2018; Tinetti
et al., 2018; Charnay et al., 2021). This will allow for atmospheric characterization of
potentially thousands of more exoplanets, from Earth-like planets to ultra-hot Jupiters,
and we recommend that these comparative surveys incorporate hierarchical modelling to

make measurements and predictions that are as robust as possible.
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The reduced photometry for the ten archival secondary eclipse observations of XO-3b are
freely available at https://irachpp.spitzer.caltech.edu/page/data-challenge-2015.
The code used in the XO-3b reanalysis, and a Jupyter notebook showing the reanaly-
sis of the Garhart et al. (2020) eclipses can both be found at https://github.com/

dylanskeating/HARMONiE.

5.7 Analysis using inflated uncertainties

We also considered the brightness temperatures and uncertainties reported by Garhart
et al. (2020). Their eclipse depths, eclipse depth uncertainties, and brightness temper-
atures are correct, but the brightness temperature uncertainties were derived by taking
the relative uncertainty in eclipse depth and using that to calculate the uncertainty in
brightness temperature (D. Deming, private communication). In their reanalysis, Baxter
et al. (2020) used the eclipse depths and uncertainties reported by Garhart et al. (2020)
but fully propagated those uncertainties through the Planck function, which is non-linear,
to derive uncertainties on the brightness temperatures. Comparing the uncertainties re-
ported in both works, the uncertainties of Garhart et al. (2020) are roughly twice as big

as those reported by Baxter et al. (2020).
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Table 5.5: WAIC scores for the three models, using the artificially inflated brightness
temperature uncertainties from (Garhart et al., 2020). We also tabulate the
standard error of the difference in WAIC between each model. The two hierar-
chical models both make equally good predictions, and significantly outperform
the non-hierarchical model.

Model A WAIC OAWAIC
Wavelength Dependent 0.0 0.0
Wavelength Independent 0.25 1.8
Separate 11.09 3.61

To see how our conclusions would change had we used the artificially inflated uncer-
tainties, we refit the multi-planet hierarchical model from Section 5.5. According the
AWAIC scores (Table 5.5), the wavelength independent hierarchical model makes much
better predictions than the non-hierarchical model, and marginally better predictions
than the wavelength dependent model. Again, we do not detect the trend of increasing
4.5 pm to 3.6 pm brightness temperature ratio, nor do we rule it out.

The refit brightness temperatures are shown in Figure 5.6 and Figure 5.7. When

measurement uncertainties are higher, Bayesian shrinkage is more dramatic.
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Figure 5.6: Dayside brightness temperatures refit with a wavelength independent hierar-
chical model. We used the inflated uncertainties from (Garhart et al., 2020).
The red dots are the published values and the black line is the best fit trend
line. The effects of Bayesian shrinkage are evident: the measurements are
clustered closer to the line, and the uncertainties on the measurements are
reduced.
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Figure 5.7: Dayside brightness temperatures from Fig 5.6, this time scaled by irradiation
temperature. The horizontal lines represent some theoretical limits on dayside
temperature assuming a zero Bond albedo: the solid line assumes zero heat
recirculation, the dashed line assumes a uniform dayside hemisphere but a
temperature of zero on the nightside, and the dotted line assumes a uniform
temperature at every location on the planet.
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6 General Discussion and Conclusion

A guiding hypothesis behind most hot Jupiter atmospheric characterization to date is
that the amount of incoming stellar irradiation is the most important factor determining
atmospheric circulation. Increasing the stellar irradiation causes a planet to radiate
faster than it can advect the absorbed flux from day to night. This should cause dayside
temperatures and phase curve amplitudes to increase with increasing irradiation, and
the bright spot offset to decrease with increasing irradiation. Two planets that receive
the same amount of stellar irradiation should have similar circulation patterns and phase
curves. However, the diversity of observed phase curves has made it clear that this picture
is incomplete.

The 4.5 um Spitzer phase curve of the hot Jupiter HD 209458b showed that the planet
has a hot nightside (Tpighe = 927 £ 77K) and thus must be efficiently transporting heat
from day to night (Zellem et al., 2014). In contrast, fellow hot Jupiter WASP-43b receives
the same amount of stellar flux as HD 209458b but was initially reported to be emitting
no flux from its nightside, indicating non-existent day-night heat transport (Stevenson
et al., 2017). In the work presented in Chapter 2, we suggested that the detection of a neg-
ative nightside flux by Stevenson et al. (2014, 2017) was due to the authors not imposing
physically possible phase curves when fitting and hence mis-estimating the instrumental
systematics. By correcting negative regions of the phase curves, we showed that WASP-
43b transports a similar amount of heat from day to night as HD 209458b, drastically
altering the inferred energy budget of the planet. Several reanalyses have all confirmed
that WASP-43b transports a moderate amount of heat from day to night (Mendonga

et al., 2018; Morello et al., 2019; May and Stevenson, 2020; Bell et al., 2020). Subsequent
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analyses of other phase curves have demanded that the phase curves be strictly positive
when fitting observations (Dang et al., 2018; Arcangeli et al., 2019; Bell et al., 2020).
WASP-43b will be studied extensively with the James Webb Space Telescope in both the
Early Release Science and Guaranteed Time Observations programs. Full-orbit, spectro-
scopic phase curves will be observed with the NIRISS and MIRI instruments, which will
allow for much more accurate and precise estimates of WASP-43b’s nightside brightness
temperatures between 2.9-12 pym. This will also allow nightside spectral retrieval to be
performed, which will help determine the cloud composition (Bean et al., 2018).

Dayside temperatures on hot Jupiters have long been noted to track the planets’ ir-
radiation temperatures; planets that receive more stellar irradiation have higher dayside
temperatures than planets receiving less flux (Cowan and Agol, 2011a). Dayside temper-
atures can be measured with secondary eclipses, which last several hours. In contrast, to
measure nightside temperatures, full-orbit phase curves lasting a day or more are neces-
sary. There are fewer phase curves than secondary eclipse measurements: more than a
hundred planets had their secondary eclipses observed in at least one Spitzer bandpass,
while 29 hot Jupiters were observed for a full orbit. Not all of these phase curves have
been published yet.

At the time of writing of the manuscript in Chapter 3, just twelve hot Jupiters had
published phase curves. Several of the phase curves had the same problem as WASP-43b:
they were not strictly positive, requiring impossibly negative fluxes at some longitudes
on the planet. After correcting these phase curves for negative flux, we found that
the nightside effective temperature as a function of irradiation temperature is relatively
constant, and just under 1100 K. The few ultra-hot Jupiters in the sample have hotter
nightside temperatures than that, due to an additional heat transport mechanism in
the form of hydrogen dissociation and recombination (Bell and Cowan, 2018; Tan and
Komacek, 2019). The nightside trend was confirmed by the reanalysis of Bell et al. (2020)

It could be that despite the vast differences in irradiation temperatures, radii, masses,
and orbital periods of hot Jupiters, the forces at work in their atmospheres all conspire

to transport just the right amount of heat from the dayside of each planet to make the
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nightside temperatures the same from planet to planet. The simpler explanation, and
the one that we espoused in Chapter 3, is that the constant temperature is suggestive
of a universal nightside cloud species across the planets that is opaque to outgoing long-
wave radiation, and disconnects the observed flux, emitted from the cloud tops, from
the temperature and pressure structure below. For the very hottest planets, additional
heat transport from hydrogen dissociation and recombination produce greater nightside
temperatures, evaporating cloud particles.

Clouds are predicted to be ubiquitous on hot Jupiter nightsides (Parmentier et al.,
2016), and the constant temperature suggests that they are likely to be silicate clouds,
based on their temperatures and the predicted photospheric pressures. Microphysical
cloud models predict that transmission spectra of hot Jupiters are likely to be dominated
by optically thick silicate clouds, because silicate clouds have lower nucleation energies
than clouds with other compositions and therefore condense more easily (Gao et al.,
2020). Alternatively, Parmentier et al. (2021) suggested that the dominant cloud species
on hot Jupiter nightsides depends strongly on the planets’ equilibrium temperatures,
and the constant nightside temperature is instead due to the strong dependence of the
radiative timescale with temperature rather than a universal cloud species. The authors
still required nightside clouds to reconcile the mismatch between their exact predictions
at the Spitzer observations, but in this framework the cloud composition would instead
vary with the irradiation temperature of each planet, much like what is seen for brown
dwarfs (Parmentier and Crossfield, 2018). Each cloud species will have a unique spectral
signature in the 5-15um bandpass, observable with the Mid-infrared Instrument (MIRI)
onboard JWST, meaning it will be possible to test both hypotheses using spectroscopic
phase curves.

Early phase curve studies focused on comparing planets with different irradiation tem-
peratures, but there are now enough observations that it is possible to examine the effects
of other physical properties. The work in Chapter 4 showed that three planets with the
same irradiation temperatures but different radii, masses, and orbital periods all exhibit

different atmospheric circulation patterns. Qatar-1b has a negligible bright spot offset,
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at odds with the significant eastward offsets observed for HD 209458b and WASP-43b.
One possible explanation, again, hinges on the effects of clouds— Roman et al. (2021)
showed that including clouds in GCMs reduces phase curve offsets compared to cloud
free models. Additionally, cloud models that simply add clouds to a cloud free GCM
after the simulation reaches equilibrium have significantly different circulation patterns
than GCMs that incorporate radiative feedback from clouds (Harada et al., 2021). Cloud
models of various levels of sophistication have been successfully implemented in GCMs
(Lee et al., 2016, 2017; Lines et al., 2019; Gao et al., 2020; Helling et al., 2021). Another
explanation for the small offset for Qatar-1b is magnetic drag due to interactions with
the planet’s magnetic field, but magnetohydrodynamic effects have not yet been imple-
mented in GCMs. There are still mismatches between GCM predictions and trends from
observed phase curves, which means that incorporating magnetohydrodynamics, cloud
formation microphysics, and radiative feedback from clouds is a necessary step forward.

It is becoming clear that although irradiation temperature is not the only determinant
of hot Jupiter climate, more observations are needed to untangle the effects of other
physical properties. In 2018 we submitted a successful Spitzer proposal to observe phase
curves at 4.5 um for ten additional hot Jupiters that had not been previously observed;
this survey was the final phase curve survey performed by Spitzer before the mission
ended (PID 14059, PI Bean). The irradiation temperatures of the planets in the sample
spanned from 1600 K to 4000 K, more or less evenly spaced across this range. Three of
the phase curves from this program have been published so far, for the ultra-hot Jupiters
KELT-9b (Mansfield et al., 2020a), KELT-16b, and MASCARA-1b (Bell et al., 2020),
and the rest are forthcoming. I was a coauthor on both papers. KELT-9b is the hottest
planet in the sample, and is in fact the hottest planet known so far with a dayside as
hot as K4-type star (Tg,y = 4600 K; Gaudi et al. (2017)). The Spitzer phase curve
from our program shows evidence that KELT-9b has efficient day-night heat transport
due to hydrogen dissociation and recombination (Mansfield et al., 2020a). Its nightside
temperature is a scorching 2556 + 100K, likely too hot for clouds to form.

KELT-16b and MASCARA-1b have similar radii (1.4R;,,) and masses (3M;,,) to
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one another and receive the same amount of stellar irradiation from their host stars
(To =~ 3500K). The main difference is their rotational periods, which are 0.97 and 2.15
days respectively. This could lead to differences in Coriolis forces and hence different
atmospheric circulation patterns; MASCARA-1b is expected to have a larger phase off-
set and nightside temperature than KELT-16b (Tan and Showman, 2020; Bell et al.,
2020). Despite this, their best-fit phase curve properties were found to be identical
within uncertainties (Bell et al., 2020). Additionally, their dayside temperatures, night-
side temperatures, and phase offsets are consistent with the similarly irradiated planets
WASP-18b, WASP-103b, and the brown dwarf KELT-1b (Bell et al., 2020).

It is unclear why there was more uniformity for this set of ultra-hot Jupiters than for
the trio of merely-hot Jupiters HD 209458b, WASP-43b, and Qatar-1b, but comparing
other temperature “temperature twin” planets could help resolve this mystery. For in-
stance WASP-34b, the least-irradiated planet in our phase curve survey, has the same
irradiation temperature as HD 189733b, but twice the rotation period (4.32 days). The 7
remaining unpublished phase curves from our study are for hot Jupiters with irradiation
temperatures ranging from 1639 K to 3195 K, and including other observing programs,
there are 14 hot Jupiters with unpublished 4.5 um Spitzer phase curves, and 5 of these
planets also have 3.6 ym phase curves. Even though the Spitzer mission is over, there is
still more hot Jupiter science to be wrung out of it.

The work presented in Chapter 4 demonstrated the utility of comparing different re-
duction and analysis pipelines, as some of the retrieved phase curve parameters were
discrepant between the two pipelines that I used. This was also found to be the case in
the wholesale, uniform reanalysis of published Spitzer phase curves, where discrepancies
between the reanalysis and previous literature values were found (Bell et al., 2020). The
takeaway is that these types of comparisons should be done as soon as possible for next-
generation exoplanet surveys like James Webb and Ariel, rather than waiting until the
end of the mission like was done for Spitzer.

Likewise, hierarchical models like the ones outlined in Chapter 5 deserve to be the

default when analyzing repeated observations of the same target, or when doing com-

119



6 General Discussion and Conclusion

parative exoplanetology. They should be incorporated from the get-go, for instance for
the repeated transits or eclipses that James Webb will collect during its Early Release
Science and Guaranteed Time Observation period, or for the comparative eclipse and
phase curve surveys planned for the Ariel mission. James Webb has the potential to
detect variability in secondary eclipses (Komacek and Showman, 2020), and phase curve
variability may be detectable with Ariel (Komacek and Showman, 2020). This motivates
making repeated observations of the same target, and these repeated observations should
be modelled hierarchically. Finally, hierarchical models could also be used to combine
observations that access the same wavelength, for instance, augmenting upcoming JWST

NIRISS spectroscopic observations with existing Spitzer transits or eclipses .
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