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The discovery of over 5000 planets outside the solar system has evermore changed our
view of the universe and the tale of other worlds beyond Earth is no longer folklore. In 1989,
David Latham found the first planetary candidate HD 114762b (Latham et al., 1989) using the
radial velocity technique which was later used to discover 51 Pegasi b as the first exoplanet
orbiting a solar-type star by Didier Queloz and Michel Mayor (Mayor and Queloz, 1995). Then
back to December 1999, the first transiting exoplanet HD 209458b lightcurve was measured
by David Charbonneau (Charbonneau et al., 2002). The gold rush of exoplanet discovery and
characterization today is probably beyond the wildest dreams of the early pioneers.

From the early days of discovering hot Jupiters, we are now able to study their atmospheres
in detail. This thesis focuses on the study of hot Jupiter atmospheres. Hot Jupiters are rare
outcomes of planet formation and their origin remains a mystery (Dawson and Johnson, 2018).
The study of their atmospheres can help us to understand their formation and evolution history
and also develop techniques for future remote sensing of potentially habitable transiting exoplanets

in the search for life beyond earth. Just like our solar system with every planet being special and



different, the same is true for hot Jupiters. I will first go into detailed studies of 4 individual hot
Jupiters (WASP-76b, WASP-74b, HAT-P-41b, and KELT-20b) and then connect them to more
broad population-level statistical studies.

These four hot Jupiters all have dayside temperatures exceeding 2000K with an inflated
radius and a very short (<10 days) orbital period. However, they exhibit different atmospheric
features and properties. The relatively cooler ones like WASP-74b and HAT-P-41b show mostly
blackbody-like dayside emission spectra which indicate isothermal temperature-pressure profiles.
The largely featureless transmission spectrum from WASP-74b is likely caused by clouds condensing
in the terminator region. On the other hand, the hotter WASP-76b dayside shows CO emission
features with evidence for water thermal dissociation. Combined with heavy metal absorption
features seen in the NUV part of the transmission spectrum, gaseous metals are likely causing
thermal inversion in the upper atmosphere. KELT-20b shows the strongest water and CO emission
features on the dayside despite a similar dayside temperature compared to WASP-76b. The
unique A-type host star of KELT-20b is likely the difference-maker. The intense short-wavelength
UV/NUYV radiation from the A star gets preferentially absorbed in the upper atmospheres by the
gaseous metals which heats up the corresponding layers and drives stronger thermal inversion.

The dayside emission spectra of these four planets are then compared to all other hot
Jupiters with temperatures ranging from 1500K to over 4000K. These four planets sit in a key
transitional parameter space where we see dayside emission spectra from cooler planets mostly
have water absorption features and hotter planets are mostly blackbody-like. This trend shows
the cooler (<2000K) planets do not have high altitude absorbers needed for thermal inversion,
and the much hotter (=3000K) ones are affected by thermal dissociation of water and rising

continuum opacity of H . Only in this in-between temperature range combined with strong



inversion from gaseous metal absorbers and strong UV radiation, we could see prominent water
emission features.

I also did a population-level statistical study of all observed transmission spectra focused
onthe 1.4 m water band. Each spectrum was fitted to determine the water feature strength which
is then normalized by the planetary atmospheric scale height. I found a statistically significant
trend of stronger water absorption features as a function of planet equilibrium temperature. This
trend can be explained by the presence of aerosols which condense more easily under cooler
conditions. Although this study was conducted back in 2017 before my other publications, the
trend still holds and provides a valuable statistical comparison study framework for exoplanet

atmospheres.
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Preface

The research presented in Chapters 2,3,4,5 and 6 of this dissertation has been previously
published.

Chapter 2 is presented with only minimal modification since appearing in The Astronomical
Journal (AJ) as “The Hubble PanCET Program: Transit and Eclipse Spectroscopy of the Strongly
Irradiated Giant Exoplanet WASP-76b” (Fu et al., 2021). Paper authors are Guangwei Fu, Drake
Deming, Joshua Lothringer, Nikolay Nikolov, David K. Sing, Eliza M.-R. Kempton, Jegug Ih,
Thomas M. Evans, Kevin Stevenson, H. R. Wakeford, Joseph E. Rodriguez, Jason D. Eastman,
Keivan Stassun, Gregory W. Henry, Mercedes L6pez-Morales, Monika Lendl, Dennis M. Conti,
Chris Stockdale, Karen Collins, John Kielkopf, Joanna K. Barstow, Jorge Sanz-Forcada, David
Ehrenreich, Vincent Bourrier, and Leonardo A. dos Santos. The data was collected from multiple
observing programs as listed in the paper. I performed the WFC3 transit and eclipse data reduction,
the binary star contamination correction. Drake Deming did the Spitzer data reduction. Nikolov
did the STIS data reduction. David Sing did the ATMO retrieval and Joshua Lothringer did
the PHOENIX forward modeling. I did the combined analysis and wrote the majority of the
manuscript.

Chapter 3 is presented with only minimal modification since appearing in The Astronomical
Journal (AJ) as “The Hubble PanCET program: Transit and Eclipse Spectroscopy of the Hot-
Jupiter WASP-74b” (Fu et al., 2021). Paper authors are Guangwei Fu, Drake Deming, Erin
May, Kevin Stevenson, David K. Sing, Joshua D. Lothringer, H. R. Wakeford, Nikolay Nikolov,
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Thomas Mikal-Evans, Vincent Bourrier, Leonardo A. dos Santos, Munazza K. Alam, Gregory
W. Henry, Antonio Gara Muhoz, and Mercedesdpez-Morales. The data was collected from
multiple observing programs as listed in the paper. | performed the WFC3 transit and eclipse
data reduction. Drake Deming and Erin May did the Spitzer data reduction. Daivd Sing did the
STIS data reduction. | did the PLATON retrieval, combined analysis and wrote the majority of
the manuscript.

Chapter 4 is presented with only minimal modi cation since appearing in The Astronomical
Journal (AJ) as “The Hubble PanCET Program: Emission Spectrum of Hot Jupiter HAT-P-41b”
(Fuetal., 2022a). Paper authors are Guangwei Fu, David K. Sing, Drake Deming, Kyle Sheppard,
H. R. Wakeford, Thomas Mikal-Evans, Munazza K. Alam, Leonardo A. Dos Santos, Mercedes
Lopez-Morales, and Joshua D. Lothringer. The data was collected from multiple observing
programs as listed in the paper. | performed the WFC3 eclipse data reduction. David Sing
did the ATMO retrieval. | did the combined analysis and wrote the manuscript.

Chapter 5 is presented with only minimal modi cation since appearing in The Astrophysical
Journal Letters (ApJL) as “Strong,® and CO Emission Features in the Spectrum of KELT-20b
Driven by Stellar UV Irradiation” (Fu et al., 2022b). Paper authors are Guangwei Fu, David
K. Sing, Joshua D. Lothringer, Drake Deming, Jegug |h, Eliza M. -R. Kempton, Matej Malik,
Thaddeus D. Komacek, Megan Mans eld, and Jacob L. Bean. | wrote the HST telescope proposal
and planned the observation to collect the WFC3 eclipse data. | did the data reduction and Drake
Deming did the Spitzer data reduction. David sing did the ATMO retrieval. | did the combined
analysis and wrote the manuscript.

Chapter 6 is presented with only minimal modi cation since appearing in The Astrophysical
Journal Letters (ApJL) as “Statistical Analysis of Hubble/WFC3 Transit Spectroscopy of Extrasolar



Planets” (Fu et al., 2017). Paper authors are Guangwei Fu, Drake Deming, Heather Knutson,
Nikku Madhusudhan, Avi Mandell, and Jonathan Fraine. The data was collected from previous

published datasets. | did the statistical analysis of all the data and wrote the manuscript.
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Chapter 1: Introduction

1.1 Why do we study exoplanets?

A captivating question is at the core of every signi cant human endeavor. To be the fastest-
growing sub eld in astronomy, the study of exoplanets must touch on the most fundamental
questions that we ask. Humans evolved to become curious and social beings through random
natural processes and selection. We wonder about the unknown and long for companionship.
Even before discovering outer space, we have fantasized about life from within the clouds to the
moon and the Sun. Astronomy rst brought us an understanding of the solar system and further
sparked our interests in life beyond earth. As sung by David Bowie, "Is there life on Mars?” The
discovery of exoplanets then opens countless more possible cradles for life.

All life forms known to date are from Earth, a rocky planet with liquid water and an oxygen-
rich atmosphere. Although we can not generalize Earth as the only suitable environment for life
to ourish, it is a starting point based on the only data point we have. If life can happen once on
Earth, it could happen again somewhere else similar. Therefore the next natural logical step of
searching for life beyond earth will be the search for Earth-like planets around other stars.

Over 5000 exoplanets have been discovered to date and roughly a third are gas giants like
Jupiter and Saturn, a third being Neptune-like and another third being Super-Earth. Only around
4% are actually small rocky terrestrial planets similar to earth. The sample size is heavily biased
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by the discovery technique limitations with larger and shorter period planets being the easiest to
discover. However, even thé&represents 200 earth-like planets for us to search for another
habitable planet.

Using Earth as the blueprint for a habitable home of life, we are looking for planets with
liquid water on the surface (Kasting and Catling, 2003) which requires the planet to have a
narrow range of suitable temperature (273 to 373K) at one atmpsheric pressure. The planet will
also needs to be able to hold on to its atmosphere from stellar wind driven atmospheric escape

(Murray-Clay et al., 2009).

1.2 Why do we study exoplanet atmosphere?

Measuring the bulk mass, radius, and equilibrium temperature of exoplanets can give us a
general picture of the type of planets they are, but will not tell us if there is life on them. To know
that we need to characterize their atmospheres. Earth's atmosphere is constantly being affected
by life on the surface. From photosynthesis of plants and organisms converting carbon dioxide
to oxygen, to human and animal activities generating greenhouse gases. The presence of life on
Earth leaves unique atmospheric signatures compared to all other planets in the solar system.

Using a similar methodology we can study the atmospheres of exoplanets and search for
atmospheric features that would indicate biological processes. Maybe we will nd oxygen and
methane just like what we see on Earth, or we may discover other complex and unexpected
atmospheric species that could be the product of evolution (Seager et al., 2016). The study of

exoplanet atmosphere will give us a direct pathway to search for evidence of life beyond Earth.



1.3 Why do we study hot Jupiter atmospheres?

The atmosphere is usually only1% of the planetary radius which means atmospheric
characterization of small rocky planets is extremely challenging and out of reach for the current
generation of telescopes available. However, there is a unique class of exoplanets called hot
Jupiters which are Jupiter-sized exoplanets orbiting closely to their host stars on typical periods
of only a few days (Fortney et al., 2021). The close proximity means they are all tidally locked
with a permanent day and night side (Goldreich and Soter, 1966; Guillot et al., 1996; Komacek
et al., 2017). Their host stars also blast them with intense electromagnetic radiation which can
heat up their dayside atmospheres to over 2000K (Fu et al., 2021). This extreme environment is
nothing like Earth and we certainly do not expect any life we know to be found on hot Jupiter.
However, their large in ated radius and high equilibrium temperature make them the best targets
for atmospheric study. Hot Jupiters are ideal laboratories to test our atmospheric models of highly
irradiated tidally locked planets. They are also important stepping stones to developing remote

sensing techniques for transiting exoplanet atmospheres.

1.3.0.1 What do we know about hot Jupiter atmospheres?

As the earliest type of exoplanet that we have been able to do atmosphere characterization
(Charbonneau et al., 2002), most of what we know about exoplanet atmospheres are from hot
Jupiters. On the relatively cooler ones 1000 - 2000K), we have detected water (Deming
et al., 2013; Kreidberg et al., 2015; Spake et al., 2020; Wakeford et al., 2017), carbon-dioxide
(Line et al., 2021), helium (Kirk et al., 2020; Spake et al., 2018), alkali metals (Charbonneau

et al., 2002; Nikolov et al., 2015) and aerosols (Fu et al., 2021; Sing et al., 2016). Methane and
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potassium are still yet to be found despite predictions from models (Kreidberg et al., 2018b). For
the ultra-hot Jupiter2000K), we have detected heavy metals (Ehrenreich et al., 2020; Fu et al.,
2021; Lothringer et al., 2022; Sing et al., 2019) and H- (Arcangeli et al., 2018; Mans eld et al.,
2020) but the search for important optical absorbers TiO/VO still remains elusive.

Hot Jupiter atmospheres are nothing we have seen on any solar system planets and they
strong depend on the temperature. Although we expect composition variation such as C/O ratio
and metallicity (Madhusudhan, 2012; Wakeford et al., 2017) will also have a signi cant effect on

their atmosphere, we do not yet have the measurements precise enough to test those hypothesis.

1.4 How do we study hot Jupiter atmospheres?

All the exoplanets discovered to date can be largely classi ed into two categories of transiting
and non-transiting planets. While transiting planets have been mostly found through the ground
(e.g. WASP, HAT, KELT) and space-based (e.g. Kepler, TESS) photometric monitoring campaigns
of nearby stars, non-transiting planets were discovered through radial velocity, direct imaging,
and microlensing surveys. For non-transiting planets, we can access their atmospheres using
direct high contrast imaging (Currie et al., 2022) with coronagraph or interferometry by removing
the host starlight and measuring the light from the planet's atmosphere. This technique certainly
holds great promise for future investigation of Earth-like planets around sun-like stars, we do not
yet have such instrument capabilities. Therefore, transiting planets still remain mostly accessible
for atmospheric studies.

When a planet transits in front of the host star, we can measure its transit depth which

corresponds to the planetary radius (Figure 1.1) (Sing, 2018). If the planet has an atmosphere, its



Figure 1.1 lllustration of the transmission and emission spectroscopy techniques (Sing, 2018).

radius will be wavelength-dependent depending on the optical depth of its terminator region at a
given wavelength. By measuring the transit depth of the planet as a function of wavelength, we
can determine the atmospheric composition of the planetary terminator region. This technique is
called transmission spectroscopy.

If a planet transits in front of a star, it will also likely eclipse behind a star. When the planet
hides behind the star, we can measure the stellar ux alone (Figure 1.1). Then by subtracting
the stellar ux from the combined star and planet dayside ux measured just before and after
the secondary eclipse, we can obtain the dayside emission spectrum of the planet. The emission
spectrum probes deeper into the atmosphere relative to the transmission spectrum due to the
different observing geometry. This technique is called secondary eclipse spectroscopy.

These are the two main techniques used for my thesis work. By combining the two, we
can gain insights into the thermal structure and chemical composition of hot Jupiter atmospheres

across a wide range of pressure levels from the terminator to the dayside.



1.4.1 How we study hot Jupiter atmospheres with space-based telescopes

My thesis focuses on using space telescopes to characterize exoplanet atmospheres. Space-
based observatories are free from the contamination of telluric features which allows for high
precision measurements of exoplanet atmospheres. This is especially important in the longer
wavelength where the thermal emission from the Earth's atmosphere becomes to dominate. All
the exoplanetary spectra presented in this thesis are collected using HST and Spitzer which
together cover from optical to infrared in wavelength.

Observing with space telescopes come with their unique challenges which vary between
instruments. HST orbits the Earth even®0 minutes and usually only about half of the time
it is able to collect science data due to the Earth occultation. Therefore each orbit could have
different systematics due to the thermal pro le changes of the telescope between orbits (Deming
etal., 2013; Sing et al., 2008). The telescope pointing also drifts during the observation. Although
the shift is usually on sub-pixel levels, it changes the incoming ux distribution among different
pixels. Since each pixel has a slightly different quantum ef ciency, this leads to changing in the
total counts. To correct for this effect, the shifts of the PSF from each exposure can be calculated
by interpolating each frame and t for the shifts between them. Then the shifts are scaled using
a polynomial and tted to the light curve counts. The polynomial can be linear, 2nd, 3rd or even
higher order depending on the levels of the pixel drifts and non-linearity in the pixel response
(Fu et al., 2021; Sing et al., 2015). In addition, jitter information from the engineering les of
the telescope have also been shown to be useful in correcting for systematics. Jitter les record
the location and orientation of the telescope during the observation and are correlated to the nal

counts (Sing et al., 2019).



Each detector also has their own systematics and this is more severe for infrared detectors
such as HST WFC3 infrared channel detector. It is a 1k HgCdTe which suffers from charge
trapping effects. After photons are absorbed by the photodiodes free charge carriers are produced
which are then emptied out via the electric potential gradient (Zhou et al., 2017). However,
during this process, some free charge carriers are left behind trapped in the detector. This effect
leads to lower signal to be counted for the exposure. During the next exposure the same process
happens again but less free charge carriers get trapped due to the reducing number of charge traps
available. This continue to take place until all the charge traps are lled and the counts reach a
steady level. Therefore the time series ux measurement exhibits a ramp-like shape (Deming
et al., 2013) for the initial exposures. The detector is reset during the Earth occultation when the
telescope is not observing and the same charge trapping pattern appear again for the new orbit.

Spitzer also suffers from infrared detector systematics speci cally the intra-pixel sensitivity
variations (Deming et al., 2015). The quantum ef ciency varies within the pixels of the Spitzer
InSb detector. Combined with the pointing uctuations this leads to large systematics for time-
series observations. This effect is the strongest for therB.6channel where the intra-pixel
sensitive map varies in time (May and Stevenson, 2020). Multiple techniques have developed to
correct for the Spitzer systematics (Deming et al., 2015; May and Stevenson, 2020; Shporer et al.,
2014; Stevenson et al., 2014a) but there have not been a uni ed and consistently reliable approach
to reduce the Spitzer 3.6n datasets (Ingalls et al., 2016). The future JWST observations will

allow us to con rm our current Spitzer observation.



Chapter 2: Transit and Eclipse Spectroscopy of the Strongly Irradiated Giant

Exoplanet WASP-76b

2.1 Overview

Ultra-hot Jupiters with equilibrium temperature greater than 2000K are uniquely interesting
targets as they provide us crucial insights into how atmospheres behave under extreme conditions.
This class of giant planets receives intense radiation from their host star and usually has strongly
irradiated and highly in ated atmospheres. At such high temperature, cloud formation is expected
to be suppressed and thermal dissociation of water vapor could occur. We observed the ultra-hot
Jupiter WASP-76b with 7 transits and 5 eclipses using the HST and Spitzer for a comprehensive
study of its atmospheric chemical and physical processes. We detected TiQ@rabsbrption
in the optical and near-infrared transit spectrum. Additional absorption by a number of neutral
and ionized heavy metals like Fe, Ni, Ti, and SiO help explain the short wavelength transit
spectrum. The secondary eclipse spectrum shows muted water feature but a strong CO emission
feature in Spitzer's 4.5m band indicating an inverted temperature pressure pro le. We analyzed
both the transit and eclipse spectra with a combination of self-consistent PHOENIX models and
atmospheric retrieval (ATMO). Both spectra were well tted by the self-consistent PHOENIX

forward atmosphere model in chemical and radiative equilibrium at solar metallicity, adding to



the growing evidence that both TiO/VO and NUV heavy metals opacity are prominent NUV-

optical opacity sources in the stratospheres of ultra-hot Jupiters.

2.2 Introduction

Transiting exoplanets can offer us detailed insights into their atmospheres during the transit
and eclipse phases. When transiting in front of the parent star, the limb of planetary atmosphere
Iters out a portion of the starlight. The amplitude of that effect varies with wavelength, depending
on the composition of the atmosphere. The spectral features of the upper exoplanetary atmosphere
( 1mbar) are thereby imprinted onto the stellar light. During the secondary eclipse, the planet
passes behind the host star, and deep (10-100 mbar) thermal emission of the atmosphere can
be measured via the total ux difference before and after the eclipse. Both techniques have been
used extensively in recent years to characterize exoplanetary atmospheric properties like chemical
composition (Kreidberg et al., 2014b), thermal structure (Stevenson et al., 2014b), aerosols (Sing
et al., 2016) and hydrodynamical escape (Sing et al., 2019; Spake et al., 2018).

Most detectable exoplanetary spectral features produce only a few hundred part per million
(ppm) of signal over broad wavelength ranges (Deming et al., 2013; Stevenson et al., 2014a;
Wakeford et al., 2017). High precision photometry is required to capture these small variations in
the depth of transit and eclipse light curves. Indeed, since the rst detection of sodium absorption
in HD 209458b made by (Charbonneau et al., 2002) using the Hubble Space Telescope (HST),
many atmospheric studies have used space telescopes, notably HST and Spitzer. Some recent
ground based observations (Allart et al., 2018; Ehrenreich et al., 2015; Kirk et al., 2020) have also

successfully detected various atmospheric features such as water, sodium and helium. Chemical



species that absorb in the very high atmospherd () scale heights) can cause a few thousand
ppm excess transit depth within the narrow range of the absorption line pro le core, which is often
detectable from the ground despite additional noise from telluric contamination and changing
weather conditions.

Hot Jupiters are especially targets of interest for atmospheric characterization due to their
in ated and highly irradiated atmospheres which produce strong detectable spectral features
(Fortney et al., 2008). Over a dozen hot Jupiters Sing et al. (2016); Tsiaras et al. (2018) have
been studied in detail over the past decade and the results are highly intriguing yet complex (Fu
et al., 2017). While some planets exhibit prominent water absorption features (Deming et al.,
2013; Wakeford et al., 2017), others show signi cant aerosols presence in the upper atmosphere
(Fu et al., 2021). Inverted temperature pressure pro les have also been observed (Evans et al.,
2017; Haynes et al., 2015) caused by optical absorbers such as TiO/VO (Fortney et al., 2008). In
the ultra-hot  2000K) Jupiters, even water can be disassociated and H- becomes an important
opacity source (Arcangeli et al., 2018; Fu et al., 2021, Lothringer et al., 2018; Parmentier et al.,
2018).

WASP-76b is a unique target with an equilibrium temperature of 2200K and a puffy atmosphere.
Recent work has shown the existence of atomic sodium absorption (von Essen et al., 2020) and
evidence for atomic iron condensing on the day-to-night terminator (Ehrenreich et al., 2020).
Here we present observations and modeling results that show heavy iHe@#bd TiO absorption
in the transmission spectrum. The eclipse emission spectrum shows CO emission feature in the

Spitzer's 4.5 m band with an inverted temperature pressure pro le.
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WASP-76b transit observations

Grism/Filter Visit 1 Visit 2 GO Program ID Pl
HST STIS G430L 2016-11-16 2017-01-17 14767 opez-Morales: Sing
HST STIS G750L 2017-02-19 14767 Opez-Morale: Sing
HST WFC3 G141 2015-11-26 14260 Deming
Spitzer IRAC 3.6 2017-05-04 2018-04-22 13038 Stevenson
Spitzer IRAC 4.5 2017-04-16 13038 Stevenson

WASP-76b eclipse observations

Grism/Filter Visit 1 Visit 2 GO Program ID Pl
HST WFC3 G141 2016-11-03 14767 opez-Morales: Sing
Spitzer IRAC 3.6 2016-03-22 12085 Deming
Spitzer IRAC 3.6 2017-05-04 2018-04-22 13038 Stevenson
Spitzer IRAC 4.5 2016-04-01 12085 Deming

Table 2.1 A list of our 7 transit and 5 eclipse observations of WASP-76b.

2.3 Observations and Data Analysis

We observed a total of 7 transits and 5 eclipses of WASP-76b with HST and Spitzer in
multiple Iters (Table 3.1) ranging from 0.29 to 4.5n. HST STIS/WFC3 and Spitzer IRAC all
have unique detector systematics that require specialized data analysis pipelines (Deming et al.,
2015, 2013; Nikolov et al., 2014; Wakeford et al., 2017). Fortunately, as the main instruments
used to characterize exoplanetary atmospheres in the past decade, robust custom data analysis

methods have been developed to extract near photon-limited noise spectra (Zhou et al., 2017).

2.3.1 Companion Star & EXOFASTV2 Fit

WASP-76A has a companion star. WASP-76B was rst discovered bll@it and Brandner,
2015) through lucky imaging with a separation of 0.4250.012” and position angle of 216.9
2.93. Due to the small separation, light from WASP-76B is well mixed with WASP-76A in

our HST spatial scan spectrum which causes a dilution effect on the extracted planet spectrum
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(Cross eld et al., 2012). To correct for this dilution effect, the companion stellar spectral type
needs to be determined, and the extra ux contribution removed. The temperature of WASP-76A
is6250 100K (Westetal., 2016) and the updated distance from GAIA is 195.8D3 parsecs.
There are a total of three spatially resolved images of the WASP-76 system in the archive, taken
with different Iters (Table 3.1) using the Space Telescope Imaging Spectrograph (P.l.s: David
Sing & Mercedes bpez-Morales), and Keck-AO with NIRC2 (P.l.: Brad Hansen), all shown
in Figure 2.1. To determinate the spectral type of WASP-76B, we performed a two-component
SED t (Rodriguez et al., 2019) for WASP-76 and we determine the radius and temperature of
WASP-76B to beR, = 0:795 0:05R andTss = 4850 15K which we then used as
the prior in a EXOFASTV2 (Eastman et al., 2019) global analysis. Within the EXOFASTV2 t,
the host star parameters are constrained using the MESA Isochrones and Stellar Tracks (MIST)
stellar evolution models. For the EXOFASTV2 t, we included six new light curves (Fig. 2.16)
from EulerCAM (Ehrenreich et al., 2020), Hazelwood and MVRC observations in addition to the
transit and RV data used in the discovery paper (West et al., 2016) to re ne and update the system
ephemeris.

With the best- t radius and effective temperature for both WASP76A and WASP76B, we
can then use PHEONIX stellar models to calculate the ux contribution from both stars and the

dilution effect of transit and eclipse depth can be corrected as follows:
Fs
Corrected depth= Measured depth (1 + F—)
A

whereFg andF, are the ux contribution from the companion and the primary star at a given

wavelength range. Since the companion star is spatially resolved at different levels with being
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Figure 2.1 Resolved images of spectrum of the WASP-76 binary system, obtained with HST STIS
F28X50LP (Top Left), G750L spectrum (Top Right), Keck-AO NIRC2 Brackett-gamma (Bottom
Left) and J-Cont (Bottom Right).

mostly resolved in STIS spectra while completely blended in at Spitzer bands, we purposefully
choose larger aperture sizes at all wavelength when extracting stellar spectra to ensure all companion
ux contributions are included. Finally, the dilution is applied across the entire transit and eclipse
spectra for consistent correction.

To propagate the uncertainties on the effective temperature of both stars into dilution factors
and the nal planet spectrum, we adopted the bootstrapping method used in (Stevenson et al.,
2014a) by generating 10000 PHOENIX stellar models for each starfathrandomly sampled
from a Gaussian distribution based on thg uncertainty. By calculating the corresponding
dilution factors for each PHOENIX model pair, we obtain a 10000 sample size distribution of
dilution factors at each wavelength bin. The nal dilution factors are the median values of each
distribution and the uncertainties will be the corresponding one sigma values which are then

propagated into the reduced planet transit and eclipse spectra.
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Figure 2.2 Two-component SED t for WASP-76A (black) and WASP-76B (red) with the blue
points as integrated uxes and cyan points as spatially resolved ux measurements.

STIS F28X50LP i band z band J-Cont Br gamma

Wavelength rangerf ) 054-1 0.662-0.836 0.777-1.097 1.203-1.223 2.024 - 2.2¢
mag 2.57 2.51 2.85 2.49 2.28
mag error 0.02 0.25 0.33 0.01 0.01

Table 2.2 Measured ux ratio between WASP-76A and WASP-76B in 5 different bands from
HST STIS, Wollert and Brandner (2015) and KECK-AO NIRC2.

2.3.2 HST STIS G430L & G750L

We observed WASP-76b in transit with 2 visits using HST/STIS G430L and 1 visit using
the G750L grating (Table 3.1). Both gratings were observed using the ACCUM mode with the
50X2 aperture to minimize any slit losses. CCD subarray of 128 x 1024 pixels was used to reduce
readout time and maximize observing ef ciency. Each frame has an exposure tim&4&f
seconds and each orbit had6 exposures. The combination of these two gratings provided
a complete wavelength coverage from 2900 to 1080@ne prominent source of systematics
in STIS light curves comes from the orbital motion of the telescope during the observations
(Nikolov et al., 2014). As the telescope orbits between the day side and night side of the Earth, it

experiences thermal expansion and contraction. This effect manifests as a varying observed ux

14



as a function of telescope orbital phase.

Our data analysis process follows the standard methodology detailed in Sing et al. (2011)
and Nikolov et al. (2014). We t the STIS transit light curves using a combination of transit and
instrument systematics models. The transit model is based on the analytic formula developed by
Mandel and Agol (2002), and the systematics model is a fourth-order polynomial of the telescope
orbital phase, a linear time term and wavelength shift for each frame. Orbital inclination and
a=Ryr are both xed at the best- t values derived in this paper during the t. For limb darkening
we calculate the relevant coef cients with ATLAS stellar models (Jack et al., 2009) in the same
way as detailed in Nikolov et al. (2014). The raw, corrected light curves and corresponding

residuals for all three visits are shown in Figures 2.6, 2.7 and 2.8.

2.3.3 HST WFC3 G141

We observed both transits and eclipses using HST/WFC3 G141 in spatial scan mode to
maximize photon-collecting ef ciency (Deming et al., 2013). All frames used SPARS10 and
NSAMP=16, with an exposure time of104 seconds, and a forward and backward scan to
maximize observing ef ciency. Due to occultation of the telescope by the Earthdsamin
gap exists between every HST orbit. In total, there are 5 orbits per visit &®dspectra per
orbit. Two orbits are pre-transit, two are in-transit, and one is post-transit.

The automatic CalWF3 pipeline does not include spatial scan mode, therefore additional
processing is required before extracting the 1D spectra. We followed the standard procedures
of background subtraction and energetic particle removal by agging outliers relative to the

median value along the vertical scan direction. Next, we corrected for the wavelength shift
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of each spectrum in the horizontal direction. To calculate the sub-pixel level shifts between
each frame, we rst summed each frame in the vertical direction to obtain a 1D spectrum and
normalized it by its own median ux. Then we usadipy:interpolate:interp 1d function to
interpolate normalized ux of each 1D spectrum in the wavelength direction relative to its pixel
positions. Next we applied sub-pixel shifts to each 1D spectrum relative to a reference spectrum
and calculated the shifts by minimizing the normalized ux differences between them. Finally we
applied the calculated shifts on every 1D spectrum to obtain the wavelength shifts corrected 1D
spectra. The hydrogen Paschen-beta line at 1n2& the star is used to establish the zero-point

of the wavelength calibration.

HST/WFC3 time series spectra often exhibit a ramp-like systematic shape when observing
bright stars in high-cadence (Wilkins et al., 2014). This effect is attributed to charge trapping
in the WFC3 HgCdTe infrared detector (Kreidberg et al., 2014a; Zhou et al., 2017). As initial
photons arrive at the beginning of each orbit, some charge carriers can be trapped by impurities
in the detector and cause lower readout signals. When all available traps are lled during the
orbit, the measured signals asymptotically approach a constant level (Fig 2.4). The double-ramp
shape per orbit is due to differences in exposure timing and telescope pointing between forward
and backward scan. The timings for when each pixel receives light are different in forward and
backward scan, and that can affect the ramp shape. Moreover, the illumination pattern on the
pixel grid is slightly different from forward to backward scan. Since each pixel has a different
number of charge traps, a constant offset in measured ux can occur when different portions of

the detector are illuminated by forward and backward scan.
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2.3.3.1 Satellite contamination

During the analysis of the transit data, we discovered two frames (Fig 2.3) that were
contaminated by defocused Earth-satellite crossing events. The rst satellite crosses the frame
diagonally (see Fig 2.3(a)) leaving a broad bright strip which contaminates the spectrum in a
wavelength-dependent fashion. The extra photons from the satellite signi cantly distort the ramp
shape of the third orbit's white light transit curve (see Fig 2.4), because they rapidly populate large
number of charge traps. This causes the decay-down as opposed to the ramp-up shape as extra
persisting signals were measured in all subsequent frames of the orbit. The diagonal crossing of
the satellite results in more contamination on the shorter wavelength end of the spectrum than the
longer wavelength end. Consequently, the white light transit curve cannot be used as a template
to correct for all wavelength channels. We decide to discard all remaining frames in the third orbit
after the rst satellite crossing. The second satellite crossing is much fainter and had negligible
effect on the subsequent spectra in the fourth orbit, so we only discard the frame with the second

satellite itself.

2.3.3.2 Ramp correction using RECTE

After removing satellite-contaminated exposures, we use the Ramp Effect Charge Trapping
Eliminator (RECTE) algorithm developed by Zhou et al. (2017) to mitigate the ramp effect.
RECTE is a physically motivated model based on detector charge trapping properties. For more
detailed description of RECTE see (Zhou et al., 2017) and the online documeht&imamajor

advantage of RECTE compared to other ramp-effect correcting methods based on template and

https://recte.readthedocs.io
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Figure 2.3 Satellite crossing contamination frames. Spatial scan is in the vertical direction and
wavelength is in the horizontal direction.
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tting of empirical functions is the capability to correct for the rst orbit of the observations. The
rst orbit has often been discarded in past analyses due to its extreme ramp shape comparing to
the subsequent four orbits (Deming et al., 2013). Recovering that additional out-of-transit orbit
allows us to better determine the baseline ux and obtain more precise transit depth values.

We used the BATMAN light curve model (Kreidberg, 2015) in combination with RECTE
to measure the transit depth at each spectral bin. Orbital inclinatioraeaRg,, were both
xed at the best- t values derived in this paper during the t. We calculated the relevant limb
darkening coef cients with ATLAS stellar models the same way as the STIS dataset. There
are ve free parameters from RECTE: intrinsic ux ), slow (Es:t), and fast E.,t ) charge
traps populations, slow ) and fast (;) charge trapping ef ciency. Together they model the
varying exponential ramp effect from the charge trapping process in the HST/WFC3 detectors.
The slight vertical shift from forward and backward scans cause an observed ux difference
between adjacent (Fig 2.4) exposures which is corrected through tting a constant offset value.
There is also a linear visit-long slope which is t with two slope coef cients for forward and
backward scans. Given our re- t of the orbital parameters that determine the shape of the transit,
the BATMAN t has two free parameters, the transit center time and transit depth. Therefore, a
total of 10 free parameters were used in the MCMC to t for the white light transit. The transit
center time from the white light t is adopted when subsequently tting transit curves at each

wavelength.
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Figure 2.4 The effect of satellite crossing contamination on the white light transit curve. The two
satellite contaminated data points have very high ux and were set to xed values to show the
timing of the events. Satellite crossing (a) was signi cantly more severe than satellite crossing (b)
and distorted the ramp shape for the third orbit. We decided to discard the frames after satellite
crossing (a), see text. The upper and lower sets of points are due to spectra vertical shifts during
the forward versus backward scan.

2.3.4 Spitzer IRAC

We observed transits and eclipses of WASP-76b with Spitzer at 3.6 andrd(%able
3.1). Unlike HST, Spitzer is able to continuously observe targets for the entire transit and eclipse
duration. One eclipse at each of 3.6 and 41bare reported by Garhart et al. (2020), and we do
not re-analyze those data here. We here analyze the transit data, and two additional eclipses at
3.6 mfrom program 13038. Our analysis of two additional eclipses ati®.fllowed the exact
same procedures used by Garhart et al. (2020), in fact the same codes (implemented by D.D.).
The new eclipse depths are included in Table 2.3.

Spitzer's primary systematic effect comes from intra-pixel sensitivity variations coupled to
pointing jitter, overlaid by temporal ramps. We correct for this combination of systematic effects

using the pixel-level decorrelation (PLD) technique developed by Deming et al. (2015), with
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Figure 2.5 Spitzer transit light curves in 3.6 and 4xb after systematic correction.
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Figure 2.6 HST STIS G430L visit one light curves for each spectral channel. Left panel: raw

light curves with evident systematics as a function of telescope orbital phase. Middle panel: De-
trended light curves overplotted by the best- tting transit models. Right panel: corresponding

residual (data minus t) for each spectral channel with the dotted lines showing teaftdard

deviation.
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