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ABSTRACT

When gas giant planets form, they influence the structure of the surrounding gas
disk, which in turn shapes the final compositions of their gas envelopes. My thesis
work combines two distinct techniques in order to better understand planet for-
mation and evolution. As a planet accretes its atmosphere, information about its
formation history is encoded in its composition (metallicity and C/O ratio). Taking
advantage of equilibrium chemistry expectations of carbon bearing molecules for
co0l (Tequ <1000K) planets, in Chapter 2 we probe the atmospheric metallicities of
this population of planets using Spitzer secondary eclipses. Expanding this sample
set to all short-period gas giant planets with Spitzer thermal emission detections in
Chapter 3, we can further explore which system parameters had the most impact
on the infrared spectral slopes of these objects. In parallel with these projects, I
also carried out a search for planets in protoplanetary disks using direct imaging
in Chapter 4. As these planets accrete gas, they also carve out gaps in the proto-
planetary disk, leaving hints as to where in the disk they formed. We conducted a
multi-year direct imaging survey of more than 40 stars hosting protoplanetary disks
in order to detect embedded gas giant planets and better constrain planet-disk inter-
actions. These two approaches represent two distinct, yet complementary, methods

of studying the formation histories of giant planets.
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limits to the ages, as younger systems would result in smaller masses.
The 1o lower limit on the age of Elias 2-27 is also lower than the
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AMES-Dusty models when the masses were within the grid in purple. 89
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Chapter 1

INTRODUCTION

The Importance of Gas Giant Planets

Gas giant planets leave an indelible fingerprint on the planetary systems in which
they form. The most massive planets in a system shape the dynamical evolution
and availability of planetary building blocks for all of their sibling planets. The
delivery of water to the Earth may be the product of interactions between Jupiter
and the solar system’s natal disk material, allowing for life on our pale blue dot
(Raymond & Izidoro, 2017). Therefore, understanding the formation histories of
the most massive bodies in a planetary system can help to paint a more complete

picture of the formation histories of all of the planets in a system.

When the first exoplanet (a planet outside of our solar system) around a Sun-like
star was discovered in 1995, our understanding of massive planets was forever
changed (Mayor & Queloz, 1995). While these first detections were of Jupiter
mass planets, they were completely unlike our own Jupiter in many ways. These
extrasolar planets, or exoplanets, whizzed around their host stars on orbital periods
more akin to Mercury’s than to Jupiter’s. As a result of their short orbital periods,
these exoplanets were not only decidedly hotter than our own Jupiter (and therefore
deemed “hot Jupiters”), but also were tidally locked, only showing their host stars the
same side, affecting the dynamics and chemistries of their atmospheres (Showman
et al., 2015). More than 20 years later, we still do not understand the differences
between the formation and migration histories of hot Jupiters and more conventional

Jupiter analogues.

Gas Giant Planet Formation

There are thought to be two primary formation mechanisms for gas giant planets.
Planets that form via core accretion undergo three different sequential stages of
formation (Lambrechts & Johansen, 2012; Pollack et al., 1996). The first stage is
when a solid core forms from material present in the disk surrounding the host star.
The second stage involves the slow accretion of both solids and gas onto the forming
planet. When the mass of the envelope is comparable to the mass of the core, the
runaway gas accretion phase begins, and the planet rapidly accretes the majority of
its gaseous envelope. While the vast majority of the accreted material is primordial
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gas from the disk, both upward mixing from the core and late stage accretion of
solid material via ablation can drive up the metal content (astronomically defined
as species other than hydrogen or helium) of the atmosphere. Due to the radial
temperature gradient in a protoplanetary disk (which also changes as a function of
time), the locations where different molecular species condense in the disk vary.
This means that the relative amounts of different molecules in the gas versus solid
phase will vary as a function of location in the disk and time (e.g., Espinoza et al.,
2017; Oberg et al., 2011). Therefore, once solids are accreted, the atmospheric
composition of a planet can leave a fingerprint as to the local availability of solids

while the planet was forming.

The second formation mechanism for gas giant planets, disk instability, involves
the rapid collapse of the local disk due to gravitational instability, which forms a
giant planet out of the primordial material in the disk (Boss, 1997). This process
is only thought to occur in the outer parts of the disk, and is therefore a leading
candidate to explain the population of directly imaged planets (Boss, 1998). The
atmospheres of planets formed in this way are thought to remain primordial, lacking
in metals. Therefore, the atmospheric compositions of these objects can also be

used to disentangle different formation pathways.

Atmospheric Characterization of Gas Giants

Most of the currently known exoplanetary systems were detected using the transit
technique. This approach allows us to detect planets that pass in front of their host
star as seen from the Earth. We can take advantage of this line of sight geometry to
also probe the planet’s atmosphere. If an exoplanet has an atmosphere, it will appear
opaque at some wavelengths and transparent at others. This wavelength-dependent
transit depth, also known as a transmission spectrum, allows us to characterize the
atmospheric compositions of these planets. However, the ubiquitous presence of
clouds in the day-night terminator region, can lead to degeneracies in the interpre-
tations of composition and cloud properties with lower signal-to-noise observations
(Benneke & Seager, 2012). Thermal emission spectroscopy provides us with a
complementary method for studying transiting planet atmospheres that is not as
impacted by clouds (Fortney, 2005). A thermal emission spectrum is taken when
the planet passes behind the host star (secondary eclipse), where the star blocks the
planet’s light. We can use this technique to measure the dayside emission spectra
of these tidally locked planets, allowing us to constrain their circulation patterns

and day-night temperature contrasts (Figure 1.1). This thesis utilizes mid-infared
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secondary eclipse measurements using the recently decommissioned Spitzer Space
Telescope. This telescope observed at wavelengths between 3-24 microns, which are
not easily accessible from the ground. Indeed, Spitzer provided an invaluable first-
look at the primary factors that govern the atmospheric properties of close-in giant
planets. In Chapters 2 and 3 of this thesis, we investigate atmospheric constraints

on the thermal emission of close-in gas giant exoplanets from Spitzer observations.

Figure 1.1: A cartoon of the geometry of a transiting planet. A transmission
spectrum would be taken when the light from the host star passes through the blue
region. Dayside emission spectra would be taken when the red planet passes behind
the host star.

Complementary Constraints from Direct Imaging

Direct imaging represents a different, but complementary method of studying ex-
oplanetary systems. This technique seeks to spatially resolve the light from the
planet separate from that of its host star and is sensitive to planets on relatively wide
orbits as opposed to the close-in transiting planets usually studied in depth using
the transit method. The angular resolution of a telescope is directly related to the
diameter of its primary mirror, therefore, direct imaging planet searches are gen-
erally done using large ground-based facilities such as Keck, Gemini, or the Very
Large Telescope. These ground based facilities require adaptive optics systems,
which allow for the real-time correction of the effect of the Earth’s atmosphere on

the observations through the use of deformable mirrors.

Direct imaging searches are typically carried out at near-infrared wavelengths, so
they are most sensitive to young, hot gas giant planets that are still radiating away
residual heat from their formation. This technique therefore provides an invaluable
look at the properties of young planetary systems. Therefore, the direct imaging
and transit methods represent complementary ways of understanding different sub-

populations of gas giant planets (Figure 1.2).
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Figure 1.2: Mass versus period by detection method for planets detected via the
direct imaging or transit methods according to the NASA Exoplanet Archive.

Because they are also sensitive to the disk structure, direct imaging surveys can also
be used to put these young (sometimes still actively accreting their atmospheres)
planets into the context of their formation environments. PDS 70 is one of the
best-studied examples of this kind of system (Keppler et al., 2018). It contains
two wide-separation gas giant planets, one visibly embedded in its natal disk. PDS
70c is still actively accreting its atmosphere, allowing for direct constraints on the
accretion rates of forming planets (Benisty et al., 2021; Haffert et al., 2019). There
are relatively few systems like this currently known, and in order to better understand
this population it is invaluable that we continue to search for and find more young
planets through direct imaging. Moreover, gaps in protoplanetary disks seem to
be common (eg., Andrews et al., 2018; Long et al., 2018), and if they are caused
by young planets, suggest that systems like PDS 70 might be common around
young stars. In Chapter 4 of this thesis, we utilize direct imaging in order to place

constraints on the masses of planets in protoplanetary disks.



Chapter 2

INVESTIGATING TRENDS IN ATMOSPHERIC
COMPOSITIONS OF COOL GAS GIANT PLANETS USING
SPITZER SECONDARY ECLIPSES

Wallack, N. L., Knutson, H. A., Morley, C. V., Moses, J. 1., Thomas, N. H., Thorn-
gren, D. P., Deming, D., Désert, J.-M., Fortney, J. J., & Kammer, J. A.
(2019). Investigating Trends in Atmospheric Compositions of Cool Gas Gi-
ant Planets Using Spitzer Secondary Eclipses. The Astronomical Journal,
158(6), 217. https://doi.org/10.3847/1538-3881/ab2a05.

2.1 Introduction

Observations of the ever-expanding ensemble of exoplanetary systems provide
unique statistical insights into the formation and evolution of planetary systems.
This is perhaps best illustrated by the classic correlation between gas giant planet
frequency and host star metallicity (Fischer & Valenti, 2005), which suggests that
these planets most likely formed via core accretion (e.g., Pollack et al., 1996; Jo-
hansen and Lambrechts, 2017). Observations of the masses and radii of extrasolar
gas giant planets also indicate that, like the giant planets in our solar system, the
average densities of these planets tend to increase with decreasing mass (Miller and
Fortney, 2011; Thorngren et al., 2016). These trends are consistent with a picture
in which Jovian-mass planets were able to accrete substantially more gas from the
protoplanetary disk than Neptune-mass planets, either because their cores reached
the critical mass for gas accretion earlier or because they formed in a region of the

disk with a higher gas surface density (e.g., at shorter orbital periods).

The atmospheric compositions of gas giant planets should in theory allow us to
distinguish between these two scenarios, as the incorporation of solids into the
growing planet’s atmosphere will enrich its bulk metallicity and leave a unique
compositional fingerprint that will vary according to its formation location and epoch
(e.g., Oberg et al., 2011; Espinoza et al., 2017). In the solar system, Jupiter has
both a smaller core mass fraction and a lower atmospheric carbon-to-hydrogen ratio
than Neptune (e.g., Lodders, 2003). However, with only one planetary system it is
difficult to determine the relative importance of the formation location in determining

atmospheric metallicity. If we instead consider the broader population of exo-
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Jupiters and exo-Neptunes, which presumably originate from a variety of formation
locations, we can ask whether exo-Neptunes consistently exhibit higher atmospheric
metallicities than exo-Jupiters (and therefore whether such enhancement is largely
independent of formation location) or whether both populations span a wide range of
atmospheric metallicities that reflect their varied formation locations and accretion
histories (Humphries & Nayakshin, 2018).

In principle, we can directly determine the mean molecular weights and correspond-
ing metallicities of transiting planet atmospheres by measuring their wavelength-
dependent transit depths or transmission spectra (e.g., Seager and Sasselov, 2000).
However, a majority of the gas giant planets observed to date have clouds in their
day-night terminator region that attenuate the amplitude of the expected absorp-
tion features (e.g., Sing et al., 2016; Barstow et al., 2017), leading to degeneracies
between cloud-top pressure and atmospheric metallicity for observations with low
signal-to-noise detections (e.g., Benneke and Seager, 2012). This problem is espe-
cially acute for exo-Neptunes, which typically have smaller planet-star radius ratios
and higher surface gravities than their Jovian counterparts, both of which make it
more challenging to detect atmospheric absorption during the transit. There are
currently only three exo-Neptunes with published transmission spectra (GJ 436b,
Knutson, Benneke, et al., 2014; HAT-P-11b, Fraine et al., 2014; and HAT-P-26D,
Wakeford et al., 2017), and of these three, HAT-P-26b is the only one with a rela-
tively clear atmosphere and correspondingly strong constraints on its atmospheric
metallicity. Interestingly, this planet appears to have an atmospheric metallicity
substantially lower than that of Neptune (Wakeford et al., 2017).

Although clouds are problematic for transmission spectroscopy, observations of the
thermal emission spectra of these same cloudy planets indicate the presence of strong
molecular absorption features (e.g., HD 189733b, Crouzet et al., 2014, Todorov et
al., 2014; GJ 436b, Morley et al., 2017). This is due in part to the shorter path length
for thermal emission as compared to transmission spectroscopy, which minimizes
the scattering opacity (Fortney, 2005). We also expect that these tidally locked
planets should exhibit day-night temperature gradients that might prevent clouds
condensing in the cooler terminator region from extending into the hotter dayside
region (e.g., Demory et al., 2013; Parmentier et al., 2016), although meridional
advection of cloud particles may also affect the observed cloud properties (Lee et
al., 2016; Lines et al., 2018). Secondary eclipse observations of the Neptune-mass

planet GJ 436b (<800 K) indicate that it has strong molecular features in its emission
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spectrum that can only be matched by a substantially metal-enriched atmosphere
(200 — 1000x solar; Stevenson et al., 2010, Moses, Line, et al., 2013, Lanotte et al.,
2014, Morley et al., 2017).

In Kammer et al. (2015) we used broadband emission spectroscopy in the same 3.6
and 4.5 ym bands to constrain the atmospheric compositions of five transiting gas
giant planets with temperatures cooler than 1200 K and masses ranging between 0.3
and 3 Myyp. For these relatively cool hydrogen-rich atmospheres, models predict
that the ratio of methane to carbon monoxide and carbon dioxide should act as
a sensitive barometer of atmospheric metallicity and the carbon-to-oxygen ratio
(Moses, Line, et al., 2013). Kammer et al. (2015) leveraged the fact that the 3.6
um Spitzer band is sensitive to CHy absorption while the 4.5 um band is sensitive
to CO and CO, absorption. The ratio of the measured eclipse depths in these two
bands can therefore be used to provide constraints on relative trends in atmospheric
composition. Although these measurements hinted at a possible trend in atmospheric
metallicity versus planet mass, our sensitivity was limited by the large measurement
errors characteristic of these types of observations and our relatively small sample

size.

In this study, we utilize the Infra-Red Array Camera (IRAC) on board the Spitzer
Space Telescope to obtain a combined total of 28 3.6 um and 4.5 um secondary
eclipse observations for a sample of five additional transiting gas giant planets with
temperatures below ~1000 K and masses between 0.05 and 2.0 My, (see Table 2.1
for more information). Our targets in this study include HAT-P-15b (Kovécs et al.,
2010), HAT-P-17b (Howard et al., 2012), HAT-P-18b (Hartman, Bakos, Sato, et
al., 2011), HAT-P-26b (Hartman, Bakos, Kipping, et al., 2011), and WASP-69b
(Anderson et al., 2014). Of these five planets, HAT-P-26b is the only one with pub-
lished constraints on its atmospheric metallicity from transmission spectroscopy
(Wakeford et al., 2017), with a range of 0.8 — 26X solar (1¢0). Optical transmission
spectroscopy of HAT-P-18b between 475 and 925 nm from the William Herschel
Telescope indicates that it has a featureless spectrum consistent with Rayleigh scat-
tering in this wavelength range (Kirk et al., 2017), but this result is still consistent
with a wide range of atmospheric metallicities. Casasayas-Barris et al. (2017) de-
tected sodium absorption at high spectral resolution in the transmission spectrum of

WASP-69b, but did not place any constraints on its atmospheric metallicity.



HAT-P-15b HAT-P-17b HAT-P-18b HAT-P-26b WASP-69b

T. (K) 556890 524680 480380 5011+55 471550
Mass (Mjup) 1.949*008 0.537+0.017  0.200+0.019  0.059+£0.007  0.250+0.023
Radius (Ryup) 1.072+0.043 1.010£0.029  0.995+0.052 0.5650072 1.057+0.047
Teq (K)* 902427 79117 822422 1028+21 96120

eP 0.200*09%¢  0.3417+0.0036  <0.087(<0.16) 0.14%)-12 <0.11(<0.23)
w (deg)® 262.53% 200.5+1.3 46+33
Period (days)°® 10.863502(37)  10.3385230(90)  5.5080291(42) ~ 4.2345023(15)  3.868138(17)
T.(BJID-2,450,000)° 4638.56094(48) 4801.17018(20) 4715.02254(39) 5304.65218(25) 5748.83422(18)
References 1,2,3 3,4,5,6 3,7,8,9 6,10,11,12 3,13

Table 2.1: System Properties

4Calculated assuming planet-wide heat circulation and zero albedo. Uncertainties on the temperature calculated from the uncertainties
on a/R, and T.. The semi-major axis and R, values and their corresponding uncertainties for HAT-P-15b, HAT-P-17b, and WASP-69b
are taken from reference 3 and for HAT-P-18b from reference 9. R, and semi-major axis for HAT-P-26b are from Wakeford et al. (2017).
PThe orbital eccentricity e and longitude of periapse w are derived from fits to radial velocity data.

“Uncertainties on the last two digits are parenthesized.

References. (1) Kovacs et al. (2010), (2) Torres et al. (2012), (3) Bonomo et al. (2017), (4) Howard et al. (2012), (5) Fulton et al. (2013),
(6) Mortier et al. (2013), (7) Hartman, Bakos, Sato, et al. (2011), (8) Kirk et al. (2017), (9) Seeliger et al. (2015), (10) Hartman, Bakos,
Kipping, et al. (2011), (11) Knutson, Fulton, et al. (2014), (12) Stevenson et al. (2016), (13) Anderson et al. (2014)
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In Section 2.2, we describe our photometric extraction and model fits. In Sections 2.3
and 2.4, we compare our results to atmosphere models and discuss the corresponding

implications for our understanding of trends in atmospheric composition.

2.2 Observations and Data Analysis

Photometry and Initial Model Fits

We obtained a minimum of two visits each in the IRAC 3.6 and 4.5 ym bands
(Fazio et al., 2004) for all planets in our sample, with additional observations for
lower signal-to-noise targets. A majority of these observations were observed in
the 32 x 32 pixel subarray mode with an initial thirty-minute observation to allow
for settling of the telescope followed by a peak-up pointing adjustment prior to the
start of the science observation (Ingalls et al., 2012). The only exceptions are the
3.6 um 2011 November observation of HAT-P-15b, the 3.6 ym 2012 January and
4.5 um 2012 February observations of HAT-P-17b, and the 4.5 ym 2011 August
observation of HAT-P-18b, which did not include this initial 30-minute observation
and subsequent pointing adjustment. The 2011 observation of HAT-P-15b was also
obtained in full-array mode instead of subarray mode. See Table 2.2 for additional

details.



Target A (um) UT Start Date Length (h) ne(s)*  tyrim(N)°  Tpos® Tphot® Nbin® RMST
HAT-P-15b 3.6 2011 Nov 27 7.8 6.0 15 25 21 4 140
3.6 2012 May8 7.9 2.0 0.5 25 22 16 113
3.6 2014 Apr25 11.35 2.0 10 40 20 8 LI5
45 2012 Apr27 7.9 2.0 0.0 40 26 2 114
45 2012 Nov 19 7.9 2.0 20 25 23 2 1.09
45  2014May27 1135 2.0 15 40 22 8 110
HAT-P-17b 3.6 2012Jan25 7.9 2.0 00 40 20 2 114
3.6 2012 Aug 29 7.9 2.0 20 30 25 64 110
3.6 2014 Sep 02 8.6 2.0 20 35 24 4 121
45 2012 Feb 04 7.9 2.0 05 40 27 32 112
45 2012 Sep 08 7.9 2.0 20 30 24 128 1.10
45 2012 Sep22 8.6 2.0 20 35 24 4 122
HAT-P-18b 3.6 2012 May 19 7.9 2.0 15 40 20 2 113
3.6 2014 May 22 5.8 2.0 20 30 20 4 112
45 2011 Aug 28 11.9 2.0 15 40 25 64 115
4.5 2014 Jun 2 5.8 2.0 05 40 20 4 109

0]



Target A (um) UT Start Date Length (h) tjy(s)? tirim(D)P Tpos® rphotd npin® RMST
HAT-P-26b 3.6 2014 Apr 11 7.4 2.0 1.5 25 2.0 2 1.13
3.6 2014 Apr 24 7.4 2.0 1.0 35 20 2 1.16

3.6 2014 Sep 10 7.4 2.0 1.0 40 23 512 1.22

3.6 2014 Sep 27 7.4 2.0 1.0 35 22 2 1.21

4.5 2014 Apr 15 7.4 2.0 2.0 40 2.8 8 1.14

4.5 2014 May 06 7.4 2.0 1.0 35 24 2 1.11

4.5 2014 Sep 15 7.4 2.0 0.0 35 20 2 1.20

4.5 2014 Oct 02 7.4 2.0 2.0 40 2.1 64 1.19

WASP-69b 3.6 2014 Jul 22 9.8 0.4 24 35 20 2 1.15
3.6 2014 Jul 29 9.8 0.4 2.0 35 20 8 1.13

4.5 2014 Aug 18 9.8 0.4 0.0 35 23 2 1.16

4.5 2015 Jan 08 9.8 04 2.0 35 23 2 1.13

Table 2.2: Spitzer Observation Details

4Integration time

Pnitial trim duration

“Radius of the aperture (in pixels) used to determine the location of the star on the array
dRadius of the aperture (in pixels) used for the photometry

°Bin size used for fits

Ratio of measured RMS to the photon noise limit

I
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We utilize the standard Basic Calibrated Data (BCD) images for our analysis and
extract photometric fluxes as described in our previous studies (i.e., Knutson et al.,
2008; Kammer et al., 2015; Morley et al., 2017). We first calculate the BJDyrc
mid-exposure times for each image. We then estimate the sky background in each
image by masking out a circular region with a radius of 15 pixels centered on the
position of the star, iteratively trimming 30 outliers, and fitting a Gaussian function
to a histogram of the remainder of the pixels. For the full-array observation of HAT-
P-15b, we determine the sky background using the median flux in an annulus with
radii between 15 and 37 pixels centered on the position of the star. We determine
the location of the star on the array using flux-weighted centroiding (e.g., Knutson
et al., 2008; Deming et al., 2015) with a circular aperture. We consider aperture
radii ranging between 2.5 and 4.0 pixels in 0.5 pixel steps and optimize our choice
of aperture as described below. We then extract the total flux in a circular aperture
centered on the position of the star using the aper routine in the DAOPhot package
(Stetson, 1987). We consider aperture sizes ranging from 2.0 to 3.0 pixels in steps

of 0.1 pixels and from 3.0 to 5.0 pixels in steps of 0.5 pixels.

Some visits also display a ramp-like behavior at early times, which we mitigate by
trimming up to two hours from the start of our time series. As discussed in Deming
et al. (2015) and Kammer et al. (2015), we find that binning our data before fitting
reduces the amount of time-correlated noise in the residuals. We determine the
optimal flux-weighted centroiding aperture, photometric aperture, trim duration,
and bin size for each visit by first fitting a combined instrumental and astrophysical
model to each version of the photometry and then calculating the standard deviation
of the residuals as a function of bin size stepping in powers of two as described in
Kammer et al. (2015). We then calculate the least-squares difference between the
measured standard deviation of the residuals and the predicted photon noise limit in
each bin, which decreases as the square root of the number of points. We then select
the photometric and centroiding apertures, trim duration, and bin size that minimizes
this least-squares difference (i.e., the one that is closest to the photon noise at all
measured timescales) for use in our subsequent analysis. Because we typically do not
detect the eclipse in each individual visit, we fix the time of secondary eclipse to the
predicted value (phase=0.5 for HAT-P-18b, HAT-P-26b, and WASP-69b, and using
the best-fit radial velocity (RV) solution for HAT-P-15b and HAT-P-17b) during
our initial optimization (see Section 2.2 for additional details). Our observations of
WASP-69b also showed a steep downward trend after the end of the eclipse, which

was not well matched with our standard linear function of time. In order to avoid
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fitting a quadratic function of time, which has the potential to bias our measured
eclipse depth, we also trimmed up to 2 hours from the end of the time series for
all of the WASP-69b observations. We optimized this trim duration in the same

manner as for the initial trim duration.

Our model for each visit consists of an eclipse model and an instrumental noise
model, which we fit simultaneously. We calculate our eclipse model using the
batman package (Mandel and Agol, 2002; Kreidberg, 2015), where we fix the
planet-star radius ratio, orbital inclination, and the ratio of the orbital semi-major
axis to the stellar radius (a/R.) to the published values for each planet (see Table

2.1 for references) and allow the eclipse depth and time to vary as free parameters.

The flux we measure also depends on the position of the star on the array in each
image. This is due to Spitzer’s well-documented intrapixel sensitivity variations
(e.g., Charbonneau et al., 2005; Reach et al., 2005; Morales-Calderon et al., 2006)
combined with an undersampled stellar point spread function (the FWHM in the
3.6 and 4.5 um arrays is approximately two pixels for data taken during the post-
cryogenic mission). We correct for this effect using the pixel-level decorrelation
(PLD) method (Deming et al., 2015). This method uses a linear combination of
individual pixel-level light curves as the instrumental noise model, and is therefore
able to capture trends due to variations in both the star’s position and the width
of the stellar point spread function. As in Deming et al. (2015), we utilize a 3
x 3 grid of pixels centered on the location of the star in our model. We remove
astrophysical flux variations in each 3 x 3 postage stamp by dividing by the summed
flux across all nine pixels. Our final instrumental noise model therefore consists of
nine linear coefficients corresponding to the nine individual pixel-level light curves,
as well as a linear function of time to capture any long-term trends (i.e., 11 free
parameters in total). For all fits we divide out our initial astrophysical model and use
linear regression on the residuals to obtain an initial guess for the nine linear PLD

coeflicients in order to speed up convergence for these highly correlated parameters.

Simultaneous Fits and Choice of Prior on Eclipse Phase

Because a majority of the planets in our study have relatively shallow eclipse depths,
we do not expect to detect the eclipse signal in fits to individual visits. We therefore
carry out our initial fits to individual visits using a fixed eclipse time. For HAT-P-18b,
HAT-P-26b, and WASP-69b the published RVs are consistent with a circular orbit
(Knutson, Fulton, et al., 2014; Bonomo et al., 2017) and we therefore fix the eclipse
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Figure 2.1: Phased light curves for each planet from the simultaneous fits with
instrumental effects removed. We show data binned in ten-minute intervals (black
filled circles) with error bars corresponding to the scatter in each bin, and overplot
the best-fit eclipse model in each bandpass for comparison (red lines). The 20
upper limits for the best-fit eclipse depths of the 3.6 ym and 4.5 ym bandpasses for
HAT-P-15b (see Section 2.2 for more details), the 4.5 yum bandpass for HAT-P-17b,
and the 3.6 um bandpass for HAT-P-26b are shown.

phase to 0.5. HAT-P-15b and HAT-P-17b have non-zero orbital eccentricities and
we therefore fix the eclipse time to the predicted value from the literature (Bonomo
etal., 2017). After optimizing our choice of aperture, bin size, and trim duration for
each individual visit, we next carry out a joint fit to all of the visits for a given planet.
In these fits we assume a common eclipse depth for each bandpass and a common
eclipse phase for all visits regardless of bandpass, and allow these three parameters

to vary in our fits. In this case, we place a uniform prior on the eclipse time spanning
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the range of times where the full eclipse would be visible in the data (i.e., we disallow
eclipse times that are either partially or fully outside our observational window).
We then fix the eclipse time to the best-fit value from the simultaneous fit and revisit
our choice of optimal aperture, bin size, and trim duration for each individual visit.

Lastly, we rerun the simultaneous fit using these newly optimized light curves.

We estimate the uncertainties on the best-fit eclipse parameters in these simultane-
ous fits using the affine-invariant Markov chain Monte Carlo (MCMC) ensemble
sampler emcee (Foreman-Mackey et al., 2013). Our combined astrophysical and
instrumental noise model has 14 free parameters, and we therefore use 60 walkers
in our fits in order to ensure sufficient sampling of the model parameter space. We
place uniform priors on all of our model parameters except where noted below. We
also allow the eclipse depths to take on negative values in our fits (i.e., an increase in
flux during the eclipse) in order to avoid biasing our estimate of the eclipse depth by
requiring only positive values. We initialize the walkers in a tight cluster centered
on the best-fit solution from a Levenberg-Marquardt minimization and carry out an
initial burn-in with a length of 10,000 steps. We then discard this initial burn-in and
carry out a subsequent fit with 10° steps per chain. We report the median values

from our MCMC chains and the corresponding 10~ uncertainties.

We show the raw photometry for each visit with best-fit instrumental noise models
from the simultaneous fit overplotted in Figures 2.13— 2.15 in the appendix. Nor-
malized light curves for these visits with best-fit eclipse light curves overplotted are
shown in Figures 2.16— 2.18. The standard deviation of the residuals as a function
of bin size for each visit is shown in Figures 2.19— 2.21, with the predicted photon
noise limit for each bin size overplotted for comparison. We also combine all visits

within the same bandpass and show these averaged light curves in Figure 2.1.

We modified our approach for HAT-P-26b, which is the only planet in our sample
with four visits in each bandpass. In this case a simultaneous fit to all eight visits
would require a prohibitively large model with a total of 91 free parameters. We
instead elect to fit each bandpass separately, and find that the eclipse is detected at
4.5 ym but not at 3.6 um. We therefore repeat our fits to the 3.6 ym data with a
Gaussian prior on the eclipse time centered on the best-fit eclipse phase from the

4.5 pm fits and with a width equal to the +10 uncertainty on this parameter.

HAT-P-15b was the only planet in our sample with no eclipse detection in either band.
Previous RV observations of this planet indicate that it has an orbital eccentricity

of 0.190 = 0.019 (Kovacs et al., 2010), and we therefore centered our window on



16

the predicted secondary eclipse phase rather than a phase of 0.5. Bonomo et al.

+0.026
-0.028

corresponding uncertainty in the predicted eclipse phase of £0.058 days. This means

(2017) subsequently reported an updated eccentricity constraint of 0.200 with a
that our shortest observational window for this planet (7.8 hours) encompassing the
entirety of the eclipse only spanned -1.50 to +1.30-, while the longest observation
(11 hours) spanned -2.00 to +3.40. Because we do not expect to detect the eclipse
at a statistically significant level in a single visit, the shortest observation window

becomes the limiting factor on the effective phase range of our search.

Within this range, we place an upper limit on the eclipse depth in each bandpass
by carrying out fits with a Gaussian prior on the eclipse phase based on the RV fit
from Bonomo et al. (2017). This results in a multimodal posterior for the best-fit
eclipse center time, with one peak corresponding to a fit in which the center of
the secondary eclipse occurred at the very beginning of the observations (i.e., the
entirety of the eclipse is not within the data) and the other peak centered at the
expected time of secondary eclipse (see Figure 2.2). The fitted 3.6 ym secondary
eclipse depth was consistent with zero in both peaks, but the 4.5 um secondary
eclipse depth was bimodal. In order to be more conservative, we report the 20
upper limits on the eclipse depth corresponding to the peak that is centered at the
earlier time of secondary eclipse (i.e. the time that gives a positive upper limit on

the 4.5 um eclipse depth).

We also test how the use of a Gaussian prior on the time of secondary eclipse as
determined by RV measurements effects the measured eclipse depths for HAT-P-
17b. We find that using either a flat prior (the time of secondary eclipse must be
centered between -0.1 days and 0.1 days where zero is the time of secondary eclipse
predicted using the Bonomo et al. (2017) eccentricity constraints) or a Gaussian
prior (with the mean of the distribution occurring at the time of the secondary
eclipse corresponding to zero days and a standard deviation of 1o as determined
from the Bonomo et al., 2017 eccentricity constraints) results in the same measured
eclipse depths to within 1o. Therefore, we report the best-fit values using the less

restrictive prior.

Our observations of HAT-P-18b also proved to be particularly challenging. While
Hartman, Bakos, Sato, et al. (2011) reported a non-zero eccentricity for HAT-P-18b
with ~ 20 significance, we subsequently acquired additional RV measurements and
refit these data in Knutson, Fulton, et al. (2014), where we found that the orbit was

consistent with zero eccentricity (e= 0.11t%'.%)§). As a result, we centered the 2011
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Figure 2.2: Posterior probability distribution for the secondary eclipse center time
and depth in both bands from a joint fit with a Gaussian prior derived from the RV
constraints on the eclipse center time for HAT-P-15b. Contours indicate the 1o, 20,
and 30 bounds on these parameters.

4.5 um and 2012 3.6 um observations on the predicted eclipse time for the eccentric
orbit from Hartman, Bakos, Sato, et al. (2011), and then centered the subsequent
2014 3.6 and 4.5 um observations on an orbital phase of 0.5 (i.e., a circular orbit).
Although the 2011 4.5 um observation is not centered on a phase of 0.5, it does
contain the entirety of the eclipse detected in our simultaneous fits (see Figure 2.17).
However, the 2012 3.6 um observation only spans the first half of the eclipse.

When we tried to fit the two channels of HAT-P-18b separately as we did for
HAT-P-26b, we found marginal 2.7 and 1.2¢0 detections in the 3.6 um and 4.5 ym
bandpasses, respectively, when tight flat priors were used. However, switching to a

joint fit of both bands with a flat prior allowing for the secondary eclipse to occur
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Figure 2.3: Posterior probability distribution for the secondary eclipse center time
and depth in both bands from a joint fit with a relatively broad uniform prior of
-0.07 to 0.07 days on the eclipse center time for HAT-P-18b. Contours indicate the
lo, 20, and 30 bounds on these parameters, while the red lines show the prior
constraints used in our final version of the fits for this planet.

any time during the full range of orbital phases spanned by our observations resulted
in a multimodal posterior on the best-fit eclipse center time (see Figure 2.3) with

marginal eclipse depths for both channels (<10).

The highest peak in this distribution is centered near zero, corresponding to an
eclipse center time consistent with an orbital phase of 0.5. If we instead repeat our
fits using a tighter uniform prior of —0.018 days to 0.027 days, therefore excluding
the other two weaker peaks, it increases the significance of the detection in both
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bands to 3.0 and 2.20, respectively. We adopt this version of the fits as our final
solution, as there is currently no evidence for a non-zero orbital eccentricity in the
RV data for this planet and this peak had the highest posterior probability in our

original fit.

2.3 Results

We report the best-fit eclipse depths and times and their corresponding uncertainties
in Table 2.3. We detect the eclipse in both channels with high significance for
WASP-69b and with somewhat lower significance for HAT-P-18b. We detect the
eclipse at 4.5 ym but not at 3.6 um for HAT-P-26b, detect the eclipse at 3.6 ym
but not at 4.5 um for HAT-P-17b, and do not detect the eclipse in either channel for
HAT-P-15b.



Target Band (um) Depth (ppm) Brightness Temperature (K) Time Offset (days)® Center of Eclipse (Phase) ecos(w)P

HAT-P-15b 3.6 < 180° <971 0 +0.0585" 0.4829+0.0054 -0.026270 00522
4.5 <9314 <1355

HAT-P-17b 3.6 118 + 39 813+ 0.0120 *0-0120 0.2997+0.0012 -0.3146+0.0018
45 < 149¢ <708

HAT-P-18b 3.6 437 H135° 10041733 0.0091 00052 0.5016*0-901 0.0026*0-90°
4.5 326 *15:° 78310

HAT-P-26b 3.6 < 85¢ <949 0.0050+0.0037 0.5012 + 0.0009 0.0019:0.0014
45 265*5% 1087 *91, 0.0045+0:003% 0.5011+:9007 0.0017+0.0011

WASP-69b 3.6 42129 101117 0.0033 + 0.001 0.5009:£0.0003 0.001: 0.0004
4.5 463+39 8631

Table 2.3: Best-fit Eclipse Parameters

2Time offset from the predicted center of the eclipse. Unless otherwise noted, we fit both channels with a common time of secondary

eclipse.

bComputed using the approximation for a low eccentricity orbit. Therefore, this only serves as a first-order approximation for the more
highly eccentric orbit of HAT-P-17b. See Pal et al. (2010) for a detailed discussion of the correct treatment for higher eccentricity orbits.
“We report the 20~ upper limit for the eclipse depth.
4The solution for the eclipse depth at 4.5um was multimodal, so we report the 20~ upper limit corresponding to the deepest of the eclipse
solutions to be conservative. See Section 2.2 for more details.
“We report the secondary eclipse depths using a tight uniform prior (see Section 2.2 for more details).
"Due to the nondetections in both bandpasses, we simply report the time offset and corresponding phase of the Gaussian prior derived
from the RV constraints from Bonomo et al. (2017; see Section 2.2 for more details).
£We report the ecos(w) from Bonomo et al. (2017).

0¢
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In order to interpret our results, we first convert the measured eclipse depth in each
bandpass to a brightness temperature (e.g. Schwartz and Cowan, 2015). We then
check for differences in brightness temperature between bands, which are indicative
of changes in the shape of the planet’s emission spectrum due to molecular features
(see Section 2.4). We find that WASP-69b has molecular features (i.e., nonblackbody
emission spectra) detected with a significance greater than 30-, while HAT-P-17b,
HAT-P-18b, and HAT-P-26b differ from the blackbody model by less than 3o

These same brightness temperatures can also be used to estimate the efficiency
of heat recirculation between the planet’s day- and nightsides. We find that the
band-averaged brightness temperatures for all four planets with detected eclipses
are consistent with their respective equilibrium temperatures (calculated assuming
efficient day-night circulation and zero albedos), suggesting that they have either effi-
cient day-night circulation, non-zero albedos, or a combination of the two (Kammer
et al., 2015; Schwartz and Cowan, 2015, 2017).

We next use our best-fit eclipse phases to place tighter constraints on the values
of ecos(w) for each planet. HAT-P-18b, HAT-P-26b, and WASP-69b all have time
offsets that are consistent with a circular orbit (within ~30 of the time predicted
from a circular orbit). HAT-P-17b was previously known to be eccentric, and our
new observations confirm and refine the published eccentricity and longitude of

periastron from Bonomo et al. (2017).

2.4 Discussion

Comparison to 1D Atmosphere Models

We compare our best-fit eclipse depths to predictions from 1D atmosphere models.
Briefly, these models calculate the temperature structure of the atmosphere assuming
both chemical and radiative-convective equilibrium. These models are described in
more detail in Fortney (2005), Fortney et al. (2008), and Morley et al. (2013, 2017).
Cross sections for molecular and atomic species are described in detail in Freedman
et al. (2008, 2014), with updates to several species that are described in Marley
et al.(2019, in preparation). Moderate resolution spectra are calculated using the
thermal emission code described in the appendix of Morley et al. (2015). Stellar
spectra are calculated using PHOENIX model atmospheres for the stellar properties
given in Table 2.1. Surface gravities are calculated using the planet masses and radii
in Table 2.1. To calculate the incident flux on the planet, we assume that the planet-

star distance is the semimajor axis for both circular and eccentric planetary orbits.
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We assume that heat is either efficiently redistributed or inefficiently redistributed
to the nightside. We calculate model spectra for a range of metallicities from solar
to 100x solar metallicity and a range of C/O ratios from C/O=0.15 to 1.5.

We also develop 1D thermo/photochemical kinetics and transport models for these
planets to investigate the possible effects of disequilibrium chemistry (i.e., transport-
induced quenching and photochemistry) on the atmospheric composition. These
models use the Caltech/JPL KINETICS code (Allen et al., 1981) to solve the con-
tinuity equations for 92 neutral H-, C-, O-, and N-bearing species that interact via
~1600 forward-reverse chemical reaction pairs. The reaction list is derived from
Moses, Line, et al. (2013), and further details of the exoplanet disequilibrium-
chemistry modeling can be found in Moses et al. (2011), Moses, Line, et al. (2013),
and Moses et al. (2016). Vertical transport in the models occurs through molecular
and eddy diffusion, with the vertical profile of the eddy diffusion coefficient (K_;)
assumed to be similar to that derived for HD 189733b from general circulation
models (Agiindez et al., 2014). Specifically, K. = 1x107/(P(bar))?% cm? s~! in
the radiative region in the upper troposphere and middle atmosphere (restricted to

2

never exceeding 10'° cm? s~! in the upper atmosphere), and a constant-with-altitude

2

value of 10' cm? s™! in the convective region at pressures P greater than 100 bar.

The vertical grid in the disequilibrium model consists of 198 levels separated uni-
formly in log pressure. The thermal structure is taken from the radiative-convective
equilibrium models described above. Zero flux boundary conditions are assumed at
the top and bottom boundaries, and chemical-equilibrium abundances are assumed
for the initial conditions. The protosolar abundances from Table 10 of Lodders
et al. (2009) are assumed to be representative of solar composition, but the models
assume that 20.7% of the oxygen is removed at depth as a result of the formation
of silicates and other refractory condensates (see Visscher et al., 2010). The solar
spectrum at solar minimum is adopted for the stellar ultraviolet spectrum for planets
with G- and K-type host stars and the composite M-type stellar spectrum described
in Moses, Line, et al. (2013) is adopted for planets with M-type host stars. All fluxes

are scaled to the appropriate planet-star distance.

Chemistry of Cool Hydrogen-rich Atmospheres

We first use these models to examine the effect that varying atmospheric metallicity
and the carbon-to-oxygen ratio has on the measured 3.6 and 4.5 ym broadband

fluxes from these planets, in order to determine the degree of degeneracy between
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HAT-P-17b (Teq=790 K) at 130 mbar with Equilibrium Chemistry
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Figure 2.4: Heat map (left) showing the spectral slope expected for equilibrium
chemical models with varying C/O ratios and metallicities for HAT-P-17b. Each
black point represents a forward model, where we interpolate between models to
generate the heat map. We indicate the region of parameter space consistent with
this planet’s measured spectral slope at the 20~ level or better with black diagonal
lines. The pie charts (right) show the abundances of H,O, CH4, CO;, and CO at a
pressure representative of those probed in our observations for select models.
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WASP-69b (Teq=960 K) at 130 mbar with Equilibrium Chemistry
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Figure 2.5: Heat map (left) showing the spectral slope expected for equilibrium
chemical models with varying C/O ratios and metallicities for WASP-69b. Each
black point represents a forward model, where we interpolate between models to
generate the heat map. We show the best-fit value of this planet’s measured spectral
slope in red and show the region of parameter space consistent at the 1o~ level or
better with black diagonal lines. The pie charts (right) show the abundances of H,O,
CHy4, CO,, and CO at a pressure representative of those probed in our observations
for select models.

these two parameters. This topic has been previously explored with an extensive
grid of generic equilibrium chemistry models in Molaverdikhani et al. (2018), and

also with both forward modeling and atmospheric retrievals for the specific case of
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HAT-P-26b (Teq=1030 K) at 130 mbar with Equilibrium Chemistry
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Figure 2.6: Heat map (left) showing the spectral slope expected for equilibrium
chemical models with varying C/O ratios and metallicities for HAT-P-26b. Each
black point represents a forward model, where we interpolate between models to
generate the heat map. We indicate the region of parameter space consistent with
this planet’s measured spectral slope at the 20~ level or better with black diagonal
lines. The pie charts (right) indicate the relative abundances of H,O, CHy, CO3,
and CO at a pressure representative of those probed in our observations for select
models.
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GJ 436b (Morley et al., 2017; Moses, Line, et al., 2013). These studies indicate
that GJ 436b’s very low ratio of CHs to CO and CO; can only be reproduced by
relatively high (>200x solar) metallicity atmospheres even when the C/O ratio is
allowed to vary as a free parameter. In this study we focus on results using forward

models, as our two broadband data points are not sufficient for a full retrieval.

We run a grid of equilibrium models with C/O ratios of [0.15, 0.6, 0.9, 1.5] and
metallicities of [1, 3, 10, 30, 100] for the hottest (HAT-P-26b; T¢q = 1030 + 20
K), the coolest (HAT-P-17b; Teq = 790 + 20 K, comparable to GJ 436b), and
intermediate temperature (WASP-69b; Teq = 960 + 20 K) planets in our sample and
determine the expected 3.6 to 4.5 um spectral slopes from each of these models.
As shown in Figures 2.4—2.6, these models indicate that the smallest 3.6 to 4.5
pm spectral slopes (corresponding to planets that are relatively bright at 3.6 um
and dim at 4.5 ym) can only be achieved by models with both relatively high
(> 50x solar) metallicities and C/O ratios less than ~ 1.5. This is because at solar
C/0O, the mixing ratios of H,O, CH4, CO, and CO; all increase as the atmospheric
metallicity increases from 1x to 100x solar, leading to greater atmospheric opacity,
higher temperatures, and a higher overall emission flux in the continuum regions.
However, the CO and CO; mixing ratios increase much more rapidly with increasing
metallicity than the CH4 mixing ratio, leading to a significantly lower CH4/(CO +
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COy) ratio and greater absorption in the 4.5 ym band (where CO and CO, absorb)
than in the 3.6 um band (where CHy absorbs).

This overall picture remains true for all but the most extreme C/O ratios. Decreasing
the atmospheric C/O ratio at 1x solar metallicity from 0.9 to 0.15 on a relatively
warm planet like HAT-P-26b has only a small effect on the dominant oxygen and
carbon species H,O and CO, but has a much greater effect on minor constituents
CH4 and CO,, with CHy being present at high C/O ratios and CO, at low C/O ratios.
The higher C/O ratio model therefore exhibits more absorption in the 3.6 micron
bandpass due to the increased presence of CHy, but the relative insignificance of
both CH4 and CO; under these conditions means that varying the C/O ratio over this
range has much less of an effect on the spectral slope than changing the atmospheric

metallicity.

For cooler planets where CHy4 is expected to be the dominant carbon-bearing con-
stituent at solar C/O ratios, extreme changes in C/O ratio can lead to significant
changes in atmospheric chemistry. As the C/O ratio is reduced, these cooler planets
will eventually experience a transition where the carbon shifts from CHy to CO,
dominated carbon chemistries, with a corresponding major shift in spectral slope.
Warmer CO-dominated planets can also transition to a different chemical regime
when the C/O ratio becomes large enough that CH4 becomes a major reservoir of
carbon (see Figure 2.7 and Figure 2.8). The degree of the degeneracy between
the atmospheric metallicity and the C/O ratio will be, at least in part, governed by
the equilibrium temperature of the planet. In planets that are cool enough to have
methane, metallicity will be the primary driver for the spectral slope (as shown by
the fact that the C/O ratio does not greatly impact the spectral slope of HAT-P-17b
in Figure 2.4). For warmer planets without significant methane, the spectral slope
will be more strongly influenced by variations in the C/O ratio as shown in Figure

2.6 and to a lesser degree Figure 2.5.

As shown in Figures 2.7 and 2.8, as well as Figures 2.22— 2.25, the inclusion of
disequilibrium chemical processes does not appreciably change this picture (e.g.,
Moses, Line, et al., 2013). The disequilibrium models have slightly less CH4
and more CO and CO, in their upper atmospheres as compared to the equilibrium
models, but this is a relatively minor shift compared to the change in chemistry as we
vary the atmospheric metallicity and C/O ratio. We therefore conclude that under the
thermal conditions relevant to the planets in our sample, variations in atmospheric

metallicity are the dominant factor shaping the 3.6-4.5 um spectral slopes, unless
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the atmosphere is highly enriched (C/O> 1 - 1.5) or depleted (C/O< 0.1) in carbon

compared to oxygen. Although a more careful consideration of the 3D coupled
chemistry and dynamics may alter this picture (e.g., Cooper and Showman, 2005;
Bordwell et al., 2018; Drummond et al., 2018; Mendonga et al., 2018; Steinrueck
et al., 2019), these effects are expected to be relatively minor, as the composition in
the infrared photosphere tends to be homogenized to those of the warmest dayside

regions.

HAT-P-17b at 130 mbar (Solar C/O)

Equilibrium Chemistry Disequilibrium Chemistry
1 x Solar Metallicity 1 x Solar Metallicity
= H,0
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100 x Solar Metallicity 100 x Solar Metallicity

Figure 2.7: Comparison of chemical abundances of H,O, CH4, CO,, and CO from
the equilibrium chemical models (left) and disequilibrium chemical models (right)
for 1x solar metallicity models (top) and 100x solar metallicity models (bottom) all
with solar C/O ratios (C/O=0.6) at 130 mbar for our coolest planet, HAT-P-17b.
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HAT-P-26b at 130 mbar (Solar C/O)
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Figure 2.8: Comparison of the relative abundances of H,O, CH4, CO;, and CO from
the equilibrium chemical models (left) and disequilibrium chemical models (right)
for 1x solar metallicity models (top) and 100x solar metallicity models (bottom) all
with solar C/O ratios (C/0=0.6) at 130 mbar for our hottest planet, HAT-P-26b.

Model Comparison for Individual Planets

We next compare our measured secondary eclipse depths for each individual planet
to a grid of four models, including atmospheric metallicities of either 1x or 100x
solar and either full recirculation (i.e., complete redistribution of heat to the planet’s
nightside) or dayside-only recirculation (i.e., redistribution of heat limited to the
dayside hemisphere alone). This set of four models represents a reasonably compact
sampling of the possible parameter space, with redistribution efficiency allowing us

to make each model globally hotter or cooler while varying atmospheric metallicity
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serves as a simplified proxy for changes in atmospheric chemistry that can affect
the spectral slope. The resulting models are shown in Figure 2.9. Although we
include the 3.6 um depth for HAT-P-15b for completeness, we do not detect an
eclipse in either bandpass, and therefore refrain from any further discussion of the

implications of the eclipse depths for our understanding of this planet’s atmosphere.

As in Kammer et al. (2015), model-data comparisons for all four planets with
detected eclipses strongly prefer models with efficient circulation between the day-
and nightside hemispheres. We find that the HAT-P-26b eclipses are best matched
by the 1x solar metallicity model, in good agreement with the constraints from
transmission spectroscopy presented in Wakeford et al. (2017). The WASP-69b
eclipses are well matched by the 100x solar metallicity model. Our constraints for
HAT-P-17b and HAT-P-18b are somewhat weaker, but still appear to modestly favor
the 100x solar metallicity model over the 1x solar model.

Model-independent Trends in Atmospheric Composition

We next consider the same model-independent metric used in Kammer et al. (2015)
to search for trends in atmospheric composition. This metric is defined as the
ratio of the measured brightness temperatures in the 4.5-3.6 um bandpasses, and
should be effectively independent of the planet-star radius ratio and equilibrium
planet temperature. We expect variations in this ratio to instead reflect the relative
strength of CHy (3.6 um) versus CO and CO; (4.5 um) absorption features in the
atmospheres of these planets. We use this ratio to search for empirical correlations
with other parameters of interest including the planet’s mass, bulk metallicity, and

host star metallicity.
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Figure 2.9: Planet-star flux ratios as a function of wavelength from 1D atmosphere
models for all five planets. We show 1x solar and 100x solar metallicity models
with either efficient (purple and blue, respectively) or inefficient (red and orange,
respectively) redistribution of energy to the planet’s nightside. Our measured eclipse
depths for each planet are shown as black circles, and we plot the corresponding
band-integrated flux values from the models as filled squares. For HAT-P-15b (3.6
um only; see Section 2.2 for more details), HAT-P-17b (4.5 um only), and HAT-
P-26b (3.6 um only) we show the 20~ upper limit on the eclipse depth. We also
overplot the IRAC 3.6 and 4.5 yum response functions in gray in the bottom panel
for comparison.



Planet Mass (Myp) ~ Radius (Rjp)  Teq (K) Ty, Ratio Bulk Zyjaner  [Fe/HI, Ref
GJ 436b 0.07 +0.01 037+0.02 669+22 <072  083+0.02 005+0.141 1234
GJ 3470b  0.0432 +0.0051 0.346 +0.029 604 + 98 <100  074£037 027011 567
HAT-P-12b  0.21 +0.01 0.96*003 963 x16  1.06*09%  0.32+£0.03 -026+0.06 189,10
HAT-P-17b  0.537+0.017 1010 +0.029 79117 <0.87  0.13£0.04 0.05+0.03  1,10,11
HAT-P-18b  0.200 £0.019  0.995+0.052 822+22  0.78*0%%  0.24+0.05 0.10+0.08  1,10,11
HAT-P-19b  0.292+0.018 1.132+0.072 1010 +42 0.84+0.06 0.22+0.05 029+0.06 1,10,12,13
HAT-P-20b  7.25+0.19 0.87+0.03 970+23  1.00%%  028+0.05 0.12+0.15 1,10,14,15
HAT-P-26b  0.059 +0.007  0.565*0972 1028 21  >1.15  066+0.03 0.01£0.04 1,10,11
WASP-8b 2.24+908 1.04tg-'§§ 948 £22  0.73+0.06 0.11 £0.04 029+0.03 110,16
WASP-10b  3.14 +0.27 1.039 0% 972+£31 094+ 003 0.12+£0.02 0.04+005 12,1013
WASP-67b 0406 +0.035  1.091 +£0.046 1003 +20  >0.97 02+0.06 0.18+0.06 1,10,13,17
WASP-69b 0250 +£0.023  1.057 £0.047 961 +20 0.85+0.02 021+0.04 030+0.06 110,11
WASP-80b 054 + 0.04 1.00£0.03 825+19 099+0.10 0.17+0.04 0.13£0.11 179,18

Table 2.4: Brightness Temperature Ratios

References. (1) Thorngren et al. (2016), Thorngren and Fortney (2019), (2) Southworth (2011), (3) Morley et al. (2017), (4) [Fe/H] from
Rojas-Ayala et al. (2012), (5) Biddle et al. (2014), (6) Benneke et al. (2019), (7) [Fe/H] from Terrien et al. (2015), (8) Hartman et al.
(2009), (9) Wong et al. (2019, in preperation), (10) [Fe/H] from Santos et al. (2013), Sousa et al. (2018), (11) This work, (12) Hartman,
Bakos, Sato, et al. (2011), (13) Kammer et al. (2015), (14) Bakos et al. (2011), (15) Deming et al. (2015), (16) Cubillos et al. (2013),
(17) Mancini et al. (2014), (18) Triaud et al. (2015)

0¢
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We note that the presence or absence of a temperature inversion might also alter a
planet’s relative brightness in these two bands in a way that mimics the shift from a
CH4-dominated to CO- and CO;-dominated carbon chemistry. Observations of the
broader sample of hot Jupiters suggests that temperature inversions are only found
in the atmospheres of the most highly irradiated planets and are most likely caused
by the presence of gas phase TiO (e.g., Evans et al., 2017; Nugroho et al., 2017;
Sedaghati et al., 2017; Sheppard et al., 2017). The planets in this study are too cool
for TiO and VO to remain in the gas phase, and there is currently no evidence for

temperature inversions in the atmospheres of planets at these temperatures.

Two of the Neptune-mass planets in our sample, GJ 436b and HAT-P-26b, have
previously published constraints on their atmospheric metallicities and C/O ratios.
Morley et al. (2017) re-examined all of the available secondary eclipse data for GJ
436b, which has a low 4.5-3.6 um brightness temperature ratio. They concluded
that these observations were consistent with absorption features from water, carbon
monoxide, and carbon dioxide corresponding to an atmospheric metallicity greater
than 200x solar and a C/O ratio consistent with solar. Similarly, transmission
spectroscopy for HAT-P-26b from Wakeford et al. (2017) constrains its atmospheric
metallicity to 0.8 — 26X solar (107); this is consistent with our measurement of a
relatively high 4.5-3.6 um brightness temperature ratio. We therefore conclude that
for these two planets, differences in atmospheric metallicity are likely the primary
factor driving the observed difference in 3.6 — 4.5 um spectral slope, in good

agreement with our predictions based on the model grids in Section 2.4.

We use the measured spectral slopes for our sample of planets to search for trends in
spectral shape across our sample of short-period gas giant planets. If these planets
have broadly solar C/O ratios and follow the same trend of increasing atmospheric
metallicity with decreasing planet mass that we see for the solar system gas giants, we
would expect to see a rising trend in the measured brightness temperature ratios with
increasing planet mass. In Figure 2.10c, we plot this brightness temperature ratio
as a function of planet mass for the four planets with measured eclipses described
herein as well as other planets with temperatures less than 1100 K and published
secondary eclipse detections (see Table 2.4). As before, we see that planets with
eccentric orbits (GJ 436b, HAT-P-17b, and WASP-8b) appear to have brightness
temperature ratios that are systematically lower than those of planets on circular
orbits with the same mass. Other than this apparent clustering of eccentric planets,

there appears to be no obvious correlation between atmospheric composition and



32

1050 1050

1000

5
m
g
o

-

N
o

% %
% 11 lHAT-P-ZGb 950 E % 11 HAT-P-26b 950 E
= I o 900 2 % | —1— ﬂ R 900 2
= g 2 ‘ Py @
Bo—p— L b1 | ] B T oo &
1S 1 o £ + 7}
[ —
0.9 800 {2 0.9 - 800 2
o F 5 = o £
S ! I 750 § o ! ] = 750
in 0.8 S 1no08 =
2 T 700 3 < — 700 =
G) 436b 1 ey w GJ 436b - w

0.7 1 650 0.7 1 650

600 600

500 600 700 800 900 1000 1100 -0.2 0.0 0.2
Equilibrium Temperature (K) Stellar Metallicity ([Fe/H])

1050 1050

121 C 1000 124 d 1000
<z <z
o HAT-P-2 = o HAT-P-2 =
211 6b ] 950 s £11 ] 6b 950 o
= 1 I 900 2 % I* —i 900 2
) 5 2 @
= 10 T l } gso & =10 #*LLI 850 £
: [ 4 A ! ;
Z0.9 800 ' o9 800 2
m W S m 3
9 ] l 750 5 g 750 §
0.8 = 0.8 =
o 700 3 % —T 700 2
G) 436b J [in] G) 436b fin]

0.7 l 650 0.7 1 I 650

600 600

0.03 0.10 1.00 10.00 0.10 1.00
Planet Mass (M;y,) Bulk Metallicity

Figure 2.10: Measured 4.5-3.6 um brightness temperature ratio as a function of
(a) equilibrium temperature, (b) stellar metallicity, (c) planetary mass, and (d) bulk
metallicity for all planets with published Spitzer eclipse depths and equilibrium
temperatures less than 1100 K. We show four planets from this study (HAT-P-
17b, HAT-P-18b, HAT-P-26b, and WASP-69b) as well as nine previously published
planets (see Table 2.4 for the full list of planets and corresponding references). For
planets with no eclipse detected in the 3.6 (4.5) um bands we plot 20~ lower (upper)
limits, respectively.

planetary mass for planets in this temperature regime.

We also check to see if the atmospheric compositions of these planets are correlated
with their bulk metallicities. We take published bulk metallicity values from Thorn-
gren and Fortney (2019), which used a 1D planetary model with an inert rock-ice
core and a convective H/He-rock-ice envelope. We calculate new bulk metallicity
values for GJ 3470b, which was not included in this study, using the same method
(see Table 2.4). We find evidence for a correlation between atmospheric metallicity
and bulk metallicity (Figure 2.10d, where planets with higher bulk metallicities have
on average slightly higher 4.5-3.6 um brightness temperature ratios. We evaluate
the significance of the proposed trend in brightness temperature ratio versus bulk

metallicity using a Monte Carlo simulation where we create a series of simulated
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data sets by sampling from the posterior probability distributions for each point.
For the brightness temperature ratios, we assume that the reported uncertainties in
the 3.6 and 4.5 um brightness temperatures are reasonably well-approximated by
Gaussian distributions. We then draw 10° samples from these two distributions for

each planet.

For planets with a nondetection in one band, we assume that the brightness tem-
perature in the band with the non-detection follows a Gaussian distribution with
a standard deviation of 100 K centered at the assumed median of the distribution
as determined from the brightness temperature corresponding to the eclipse depth
of the reported 20~ upper limit (i.e., the center of the distribution is the brightness
temperature corresponding to the 20~ upper limit - 200 K); this effectively excludes
solutions in which the brightness temperature for the nondetection is unphysically
low (i.e., 98% of all samples are limited to temperatures within 400 K of the 20 up-
per limit). Lastly, we assume that the bulk metallicities are also well approximated

by Gaussian distributions and sample from those as well.

If we exclude the three Neptune-mass planets (GJ 436b, GJ 3470b, and HAT-P-
26b), we do find relatively weak (with positively sloped lines preferred over flat
or negatively sloped lines at the 1.40 level) evidence for a linear trend with bulk
metallicity. If it can be substantiated with additional measurements, this correlation
would be somewhat surprising as it would suggest that gas giant planets with high
bulk metallicities may have lower atmospheric metallicities. This would be the
opposite of the observed trend for the solar system gas giants, in which planets with

higher bulk metallicities also have higher atmospheric metallicities.

Intriguingly, we do see tentative evidence for a trend in atmospheric composition
with stellar metallicity (Figure 2.10b). This trend is not entirely surprising given
that we would expect metal-rich stars to have correspondingly metal-rich disks.
However, the metallicities of the host stars in our sample only vary between —0.26
and +0.30, corresponding to a relatively small 3.5x change in bulk disk metallicity.
In contrast, we would need to vary the atmospheric metallicities of these planets by
more than two orders of magnitude to reproduce the observed change in 4.5-3.6 ym
brightness temperature ratios. If real, this trend suggests that gas giant planets in
metal-rich disks incorporate disproportionately more solids into their atmospheres
than planets in metal-poor disks. If we assume that these planets formed in the inner
disk, this might be explained by scenarios in which gas drag causes approximately

centimeter-sized particles to migrate inward, increasing the concentration of solids
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in this region (e.g., Johansen et al., 2014).

We evaluate the significance of this proposed trend in the same manner as before
(i.e., by drawing 10° samples from the distributions for the brightness temperatures
as described above) and assuming that the reported stellar metallicities are well
approximated by Gaussian distributions. We then fit the resulting 10 simulated
data sets with a linear function and plot the corresponding posterior probability
distributions for the slope and y intercept of this line (Figure 2.11). We find
conflicting literature values for the metallicity of the M-dwarf stars in our sample (GJ
436, GJ 3470, and WASP-80), many of which also have relatively large uncertainties.
We therefore opted to exclude these M-dwarf hosts when evaluating the significance
of the proposed trend (Rojas-Ayala et al., 2012; Terrien et al., 2012; Lindgren and
Heiter, 2017). We find that negative slopes are preferred, but our data are still
consistent with a positive sloped or flat line at the 1.90 level.

We also consider a scenario in which the points shown in Figure 2.11 do not follow
a smooth trend, but rather comprise two distinct groups of planets— those with high
atmospheric metallicities and those with low atmospheric metallicities. We follow
the same approach as Schlaufman (2018) and try a hierarchical clustering algorithm,
a k-means clustering algorithm, and a Gaussian-model clustering algorithm. All
three algorithms are available as part of the scikit-learn package (Pedregosa
et al., 2011). We find that these three methods were inconclusive as to the member-
ship of the planets within the two groups, indicating that these measurements are

consistent with a single population.

2.5 Conclusions

We present new secondary eclipse depth measurements in the 3.6 and 4.5 um
Spitzer bands for HAT-P-17b, HAT-P-18b, HAT-P-26b, and WASP-69b and place
upper limits on the eclipse depths of HAT-P-15b. Our measured times of secondary
eclipse for HAT-P-18b, HAT-P-26b, and WASP-69b are consistent with circular
orbits, and we confirm the non-zero eccentricity of HAT-P-17b. 'We compare
our measured eclipse depths with 1D radiative-convective models for each planet.
For HAT-P-26b, which was the only planet with a well-constrained atmospheric
metallicity from transmission spectroscopy, our data are in good agreement with
the low atmospheric metallicity reported in Wakeford et al. (2017). We find no
evidence for a correlation between atmospheric composition and planetary mass.

However, we do find a suggestive 1.90 trend in atmospheric composition as a
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Figure 2.11: Measured 4.5 um to 3.6 um brightness temperature ratio as a function
of stellar metallicity. We create 10° simulated data sets by sampling from posterior
probability distributions for the reported brightness temperatures and stellar metal-
licities, and show a random subset of the resulting distribution of linear fits as gray
lines. We indicate the median linear solution in red, and plot the corresponding
distributions in y intercept and slope below.

function of stellar metallicity. While the existence of a correlation between planetary
atmospheric composition and stellar metallicity would not be surprising, the strength
of the observed trend implies that short-period gas giant planets orbiting metal-rich
stars may have atmospheric metallicities that are significantly higher than the bulk
metallicity of the disk. However, our ability to fully understand this possible trend

is limited by the availability of precise stellar metallicity measurements.

Beginning in 2021, the broad infrared wavelength coverage and higher spectral
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resolution of the James Webb Space Telescope (JWST) will provide invaluable

new insights into the atmospheric compositions of this population of planets (see
Figure 2.12 for the expected JWST precision and coverage). In this study, we relied
on broad photometric bandpasses that span multiple absorption features including
water, methane, carbon monoxide, and carbon dioxide. This necessarily results
in degeneracies in the interpretation of these data, including correlations between
the abundances of the various molecular species and also with the planet’s dayside
pressure-temperature profile. JWST will be able to resolve individual molecular
bands, therefore avoiding these degeneracies and allowing for robust abundance
constraints for these atmospheres. It is worth noting that these cooler planets are also
ideal targets for studies examining trends in bulk metallicity as a function of planet
mass (e.g., Miller and Fortney, 2011; Thorngren et al., 2016), as hotter planets have
inflated radii that make it difficult to accurately determine their bulk metallicities
(e.g., Laughlin et al., 2011; Thorngren and Fortney, 2018). We therefore expect
that future studies of this cool gas giant population with JWST will be able to
determine for the first time whether or not the postulated correlation between planet
mass, core mass fraction, and atmospheric metallicity is in fact a universal property
of all gas giant planets. This in turn will tell us whether or not the interior and
atmospheric compositions of gas giant planets are the inevitable outcome of the
core accretion process or instead primarily reflect the diverse formation locations

and disk properties of these planets.

2.6 Appendix

We show the individual normalized raw light curves for each visit of HAT-P-15b,
HAT-P-17b, HAT-P-18b, HAT-P-26b, and WASP-69b in Figures 2.13— 2.15. For
each of the visits, we overplot the best-fit instrumental noise model derived from the
joint fits. We then show these same individual light curves with the instrumental
noise models removed in Figures 2.16— 2.18 and overplot the best-fit eclipse model
derived from the joint fits. We show the standard deviation of the residuals after
removing both the eclipse and noise models from each visit for each planet in Figures

2.19— 2.21. The predicted photon noise for each visit is overplotted for reference.

We show the mixing-ratio profiles for relevant species of interest for a 1x and 100x
solar metallicity model for HAT-P-17b (Figures 2.22 and 2.23, respectively) and
a 1x and 100x solar metallicity model for HAT-P-26b (Figures 2.24 and 2.25, re-
spectively). We show both equilibrium and disequilibrium chemical models derived

using the same framework as presented in Moses et al. (2011), Moses, Line, et al.
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Figure 2.12: Simulated JWST observations of a single secondary eclipse observation
of WASP-69b using the NIRSpec G395 grism (black points). We use our best-fit
100x solar metallicity model for this simulation and overplot models with 1x, 3,
10x and 30x solar metallicities for comparison (all with solar C/O ratios). The
IRAC 3.6 and 4.5 um response functions are shown in gray and our measured
eclipse depths in the two Spitzer bands are shown as filled black stars.

(2013), and Moses et al. (2016).
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Figure 2.13: Raw Spitzer photometry for each visit of HAT-P-26b. The normalized
flux binned in ten-minute intervals is shown in black and the thirty-second binned
flux is shown in gray. Overplotted is the best-fit instrumental model in red. Obser-
vations are shown in chronological order across each row.
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Figure 2.14: Raw Spitzer photometry for each visit of HAT-P-18b and WASP-69b.
The normalized flux binned in ten-minute intervals is shown in black and the thirty-
second binned flux is shown in gray. Overplotted is the best-fit instrumental model
in red. Observations are shown in chronological order across each row.
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Figure 2.16: Individual light curves for each visit of HAT-P-26b. The ten-minute
binned normalized flux in shown in black with error bars showing the standard error
of the flux in each bin. The instrumental best-fit parameters are unique to each
visit and have been divided out. The red lines are the light curves with the best-fit
parameters from the joint fits. Observations are shown in chronological order across
each row. The 20 upper limits for the best-fit eclipse depths of the 3.6 um visits are
shown.
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Figure 2.17: Individual light curves for each visit of HAT-P-18b and WASP-69b.
The ten-minute binned normalized flux in shown in black with error bars showing
the standard error of the flux in each bin. The instrumental best-fit parameters are
unique to each visit and have been divided out. The red lines are the light curves with
the best-fit parameters from the joint fits. Observations are shown in chronological
order across each row.



42

1.0015-
1.0010
1.0005. |
1,000 I_—'_‘_ '_/_A_g‘-_-* 'hu,_'__A_,_...ﬁ_*
0.9995 1 e IR ." . tee e Ly
09900 « HAT-P-15b 8.6 um| ‘. HAT-P-15b 3.6 um| HAT-P-15b 3.6 um|
1.0010 1
1.0005- . ? . 1 . .
1.0000 h_~_‘__._ /_..___.____._ (S
10005 11 / JR IS TR RV [T
1y 1
X o00900{ T i
w . 1
g Ooess HAT-P-15b 4.5 um HAT-P-15b 4.5 um HAT-P-15b 4.5 um
©
T 100075
-4
1.00050
1.000257 *uy ol [ [ 0l . ) 10
1.00000] — et | Ity /-‘_7 ‘&;‘L'_..._./‘._- M
0.99975. 1 IR M . IR Tl I il IR
0.99950 |} { .
HAT-P-17b 3.6 um| HAT-P-17b 3.6 um| HAT-P-17b 3.6 um|
1.00075
1.00050
1.00025 i 1 . I . . t T
0999751 |7t s T I + T I LN g ma
0.99950 9 1 1
0.99925. 1
HAT-P-17b 4.5 um| HAT-P-17b 4.5 um| HAT-P-17b 4.5 pm|
0999075615 —010 -0.05 0.0 005 010 015 015 010 -005 000 005 010 015 02 =1 0% 01 02

Time from Predicted Eclipse Center [days]

Figure 2.18: Individual light curves for each visit of HAT-P-15b and HAT-P-17b.
The ten-minute binned normalized flux in shown in black with error bars showing
the standard error of the flux in each bin. The instrumental best-fit parameters are
unique to each visit and have been divided out. The red lines are the light curves with
the best-fit parameters from the joint fits. Observations are shown in chronological
order across each row. The 20 upper limits for the best-fit eclipse depths of all
visits of HAT-P-15b (see Section 2.2 for more details), and the 4.5 um visits of
HAT-P-17b are shown.
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bin size scaled by 1//N. Observations are shown in chronological order across each
row.



44

0.010t

0.0010 & \
\Q«'\u \
\\ \\

0.0001

0,010 HAT-P-15b 3.6 um HAT-P-15b 3.6 um|

0.0010 \:\”\Qs \\
%)
E 0.0001
2 o010 HAT-P-15b 4.5 um| HAT-P-15b 4.5 um HAT-P-15b 4.5 um|
Zo
]
o

0.0010

0.0001

0.010 HAT-P-17b 3.6 um HAT-P-17b 3.6 um| HAT-P-17b 3.6 um

0.0010 \\\\

x"&'*s..\w
0.0001
HAT-P-17b 4.5 um HAT-P-17b 4.5 um| HAT-P-17b 4.5 um
07 107 10 10 0° 0T 10 10 10° 107 10 10°
Bins

Figure 2.21: Standard deviation of the residuals of each visit of HAT-P-15b and
HAT-P-17b after removing the best-fit instrumental and astrophysical models as a
function of bin size. The solid lines show the photon noise limits as a function of
bin size scaled by 1/v/N. Observations are shown in chronological order across each
row.
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Figure 2.22: Mixing ratio profiles derived using the same framework as presented
in Moses et al. (2011), Moses, Line, et al. (2013), and Moses et al. (2016) for
relevant species of interest for a 1 solar metallicity equilibrium (solid lines) and
disequilibrium (dashed lines) model with solar C/O ratios for HAT-P-17b.
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Figure 2.23: Mixing ratio profiles derived using the same framework as presented
in Moses et al. (2011), Moses, Line, et al. (2013), and Moses et al. (2016) for
relevant species of interest for a 100x solar metallicity equilibrium (solid lines) and
disequilibrium (dashed lines) model with solar C/O ratios for HAT-P-17b.
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Figure 2.24: Mixing ratio profiles derived using the same framework as presented
in Moses et al. (2011), Moses, Line, et al. (2013), and Moses et al. (2016) for
relevant species of interest for a 1 solar metallicity equilibrium (solid lines) and
disequilibrium (dashed lines) model with solar C/O ratios for HAT-P-26b.



48

. HAT-P-26b C/O=1xsolar [Fe/H]=100xsolar
10_ T T II\IIIl T T T T T1rrr

T T T T T T T IIIIIIII/II T T I TTT T TTT

1073

H
o
e

Pressure (bars)
o

10° CO3

1015_ 3

1025 L ol v il v el IR v Al AR | L |||||||E-
108 1077 1076 1073 1074 1073 1072 107!

Number Mixing Ratio

Figure 2.25: Mixing ratio profiles derived using the same framework as presented
in Moses et al. (2011), Moses, Line, et al. (2013), and Moses et al. (2016) for
relevant species of interest for a 100x solar metallicity equilibrium (solid lines) and
disequilibrium (dashed lines) model with solar C/O ratios for HAT-P-26b.
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Chapter 3

TRENDS IN SPITZER SECONDARY ECLIPSES

Wallack, N. L., Knutson, H. A., & Deming, D. (2021). Trends in Spitzer Secondary
Eclipses. The Astronomical Journal, 162(1), 36. https://doi.org/10.3847/
1538-3881/abdbb2.

3.1 Introduction

For short-period gas giant planets with hydrogen-rich envelopes, the amount of inci-
dent flux received from the star is predicted to be the primary factor that determines
the shape of their observed dayside emission spectra (e.g., Fortney et al., 2008;
Burrows et al., 2008). We expect these short-period planets to be tidally locked,
where the efficiency of day-night circulation varies as a function of the incident flux
(e.g., Komacek and Showman, 2016). This atmospheric circulation in turn deter-
mines the temperature of the upper region of the dayside atmosphere, which sets
the equilibrium chemistry and corresponding atmospheric composition (e.g., Heng
and Marley, 2018). Although photochemistry and mixing from the nightside and
deep interior can alter this default chemistry, these effects are predicted to be below
the sensitivity of current observations for the majority of planets observed to date
(e.g., Moses, 2014). Condensate clouds can also alter the observed atmospheric
properties of these planets, but the effects of these clouds are expected to be less
pronounced for dayside thermal emission spectra than for transmission spectroscopy
(e.g., Fortney, 2005).

Observations of the secondary eclipse, when the planet passes behind its host star,
allow us to probe the thermal emission spectra of transiting gas giant planets. This
has enabled detailed studies of a handful of planets (e.g., Brogi et al., 2017; Morley
et al., 2017; Kreidberg et al., 2018), but there are relatively few planets with such
extensive secondary eclipse data sets. If we broaden our focus to planets with just a
few broadband photometric measurements from Spitzer, we can search for broader
population-level trends. Previous studies of dayside emission spectra confirm that
hotter planets do indeed have less efficient heat redistribution (Schwartz and Cowan,
2015; Garhart et al., 2020), in good agreement with predictions from atmospheric
circulation models (Perez-Becker and Showman, 2013; Komacek and Showman,
2016). Garhart et al. (2020) additionally found evidence for a systematic shift in
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the 3.6 — 4.5 um spectral slopes of these planets as a function of incident flux,
which suggests that the atmospheric chemistries and pressure-temperature profiles
of these planets also vary as a function of the irradiation. However, this study found
that neither of the two most commonly utilized model atmosphere grids was able to
accurately predict the increase in the observed ratio of 3.6 um and 4.5 ym brightness
temperatures with increasing equilibrium temperature, suggesting that these models

can be further improved.

To date, most published population-level studies of transiting gas giant planet emis-
sion spectra have focused on searching for correlations with the incident flux (e.g.,
Cowan and Agol, 2011; Schwartz and Cowan, 2015; Schwartz et al., 2017; Garhart
et al., 2020; Baxter et al., 2020). However, we expect that planets with the same
incident flux levels might nonetheless possess distinct thermal spectra if they have
different atmospheric metallicities and/or surface gravities, both of which can al-
ter their atmospheric chemistries, circulation patterns, and cloud properties. In a
previous study (Wallack et al., 2019), we focused on the sub-population of planets
cooler than ~ 1000 K, which are expected to undergo a particularly distinct shift
in atmospheric chemistry as a function of atmospheric metallicity and C/O ratio
(e.g., Moses, Madhusudhan, et al., 2013; Drummond et al., 2018). In this study, we
broaden our focus to the full sample of transiting gas giant planets with Spitzer sec-
ondary eclipse detections in order to determine whether or not there are additional
parameters beyond incident flux that might help to explain the observed diversity
of dayside emission spectra. These same factors might also provide new insights
into how to modify standard atmosphere model grids in order to better match the

observed trends in spectral shape as a function of incident flux.



HAT-P-5b HAT-P-38b WASP-7b WASP-72b WASP-127b
T. (K) 59604100 53304100 652070 6250100 57504100
[Fe/H].. 0.2420.15 0.0620.1 0.00+0.10 -0.06+0.09 -0.18+0.06
Mass (Myyp)  1.06 £0.11 0.267+0.020 0.98+0.13 1.461700% 0.165*00%%
Radius (Ryyp)  1.2520.043 0.825+0-092 1.374+0.094 1.27£0.20 1.311700%

Tequ (K)* 1517+37 1080*62 1530+50 2204*13% 1404429

e® <0.072 (<0.18)  <0.055(<0.17)  <0.049 (<0.11) ~ <0.017 (<0.038) 0

w (deg)® .

Period (days)® 2.78847360 (52) 4.640382 (32)  4.9546416 (35)  2.2167421 (81)  4.17807015 (57)
T 543245510 (10) 5863.12034 (35) 5446.63493 (30) 5583.6528 (21)  7248.741276 (68)
References 1,2,3,4,5 1,5,6 1,5,7,8 1,5,9 5,10,11

Table 3.1: System Properties for New Planets in this Study

4Calculated assuming planet-wide heat circulation and zero albedo.

bThe orbital eccentricity e and longitude of periapse w are derived from fits to radial velocity data.

“(BJD-2,450,000) Uncertainties on the last two digits are parenthesized.

(1) Bonomo et al. (2017), (2) Southworth et al. (2012), (3) Bakos et al. (2007), (4) Torres et al. (2008), (5) Southworth (2011), (6) Sato
et al. (2012), (7) Albrecht et al. (2012), (8) Hellier et al. (2009), (9) Gillon et al. (2013), (10) Lam et al. (2017), (11) Chen et al. (2018)

[5Y
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Garhart et al. (2020) presented a uniform analysis of 3.6 and 4.5 um Spitzer obser-
vations of 36 transiting hot Jupiters. We use 31 of these observations (those with
detections above 2.507) and expand on this sample by leveraging an additional 42
planets with Spitzer 3.6 and 4.5 pm secondary eclipse detections (above 2.507) from
the literature as well as adding secondary eclipse measurements for three of our
five new planets: HAT-P-5b (Bakos et al., 2007), WASP-7b (Hellier et al., 2009),
and WASP-127b (Lam et al., 2017). HAT-P-38b (Sato et al., 2012) and WASP-72b
(Gillon et al., 2013) do not have detections in both bandpasses. With this newly
expanded sample we proceed to revisit previously established correlations between
spectral shape and incident flux, and search for additional correlations with stellar
metallicity and surface gravity. In Section 3.2, we describe our photometric ex-
traction and model fits. In Section 3.3, we present new Spitzer secondary eclipse
measurements of five new planets, and in Section 3.4, we add these new planets to
the published Spitzer secondary eclipse measurements and investigate trends in the

thermal emission spectra of the population of short-period gas giant planets.

3.2 Observations and Data Analysis

We obtained one secondary eclipse each in the IRAC 3.6 ym and 4.5 ym bands
(Fazio et al., 2004) for HAT-P-5b (PID: 60021), WASP-7b (PID: 60021), WASP-
72b (PID: 10102), and WASP-127b (PID: 13044) and two visits in each band for
HAT-P-38b (PID: 12085). Aside from HAT-P-5b, all of these data were taken in
the 32 x 32 pixel subarray mode with an initial 30 minute observation to allow for
settling of the telescope followed by a peak-up pointing adjustment prior to the start
of the science observation (Ingalls et al., 2012). HAT-P-5b and WASP-7b are the
oldest data sets in this study and were observed before the peak-up pointing mode
was fully implemented. Additionally, HAT-P-38b was observed in full array mode.
See Table 3.1 and Table 3.2 for additional details.



Target A(um) UT Start Date  AOR Length (h)  ting (8)*  trim (D)°  Tpos®  Tphot" Npin ©  RMSF

HAT-P-5b 3.6 2009 Oct 16 31757056 7.64 6.0 0.5 30 20 2 1.25
4.5 2009 Oct 19 31751424 7.64 6.0 2.0 30 20 4 1.26
HAT-P-38b 3.6 2016 Apr 10 58238976 8.91 2.0 1.0 40 20 4 1.15
3.6 2016 May 08 58241024 8.95 2.0 1.5 40 20 2 1.14
4.5 2016 Apr20 58238464 8.95 2.0 2.0 35 20 2 1.17
4.5 2016 May 04 58241280 8.95 2.0 2.0 35 20 32 1.20
WASP-7b 3.6 2010 Jun 12 31770880 7.73 2.0 0.58 30 50 2 1.39
4.5 2010 Jun 27 31765248 7.73 2.0 0.58 30 29 16 1.22
WASP-72b 3.6 2014 Nov 17 51816192 10.11 0.4 1.0 40 20 512 1.31
4.5 2014 Nov 19 51842304 10.11 0.4 1.0 35 20 64 1.53
WASP-127b 3.6 2017 Aug 20 62161664 12.55 2.0 2.0 40 20 2 1.27
4.5 2017 Sep 01 62162176 12.55 2.0 2.0 25 27 16 1.20

Table 3.2: Spitzer Observation Details

dIntegration time

®Initial trim duration

“Radius of the aperture (in pixels) used to determine the location of the star on the array

dRadius of the aperture (in pixels) used for the photometry

°Bin size used for fits

fRatio of measured RMS to photon noise limit

EWASP-7b has a time of secondary eclipse that is not well centered in the observation window, therefore in order to preserve as much of
ingress as possible, we fix the trim duration to 30 minutes (see §3.2 for more details).

€S



54

We utilize the standard Basic Calibrated Data (BCD) images for our analysis and
extract photometric fluxes as described in our previous studies (i.e., Wallack et al.,
2019). In brief, we first calculate the BJDyrc mid-exposure times for each image,
then estimate the sky background in each image by masking out a circular region
with a radius of 15 pixels centered on the position of the star, iteratively trimming
30 outliers, and fitting a Gaussian function to a histogram of the remainder of the
pixels. We utilize flux-weighted centroiding (e.g., Knutson et al., 2008; Deming
etal., 2015) with a circular aperture to determine the location of the star on the array,
considering aperture radii ranging between 2.5 and 4.0 pixels in 0.5 pixel steps and
optimize our choice of aperture as described below. We use the aper routine in
the DAOPhot package (Stetson, 1987) to extract the total flux in a circular aperture
centered on the position of the star, considering aperture sizes ranging from 2.0 to

3.0 pixels in steps of 0.1 pixels and from 3.0 to 5.0 pixels in steps of 0.5 pixels.

In order to mitigate the ramp-like behavior present at early times in some of the
visits, we trim up to two hours of data from the beginning of each time series.
We find that binning our data prior to fitting reduces the amount of time-correlated
noise in the residuals (see Deming et al., 2015 and Kammer et al., 2015 for more
details). In order to determine the optimal combination of flux-weighted centroiding
aperture, photometric aperture, trim duration, and bin size for each visit, we fit a
combined instrumental and astrophysical model to each version of the photometry
and calculate the standard deviation of the residuals as a function of bin size stepping
in powers of two (see Kammer et al., 2015 for further details). We then calculate the
least-squares difference between the measured standard deviation of the residuals
and the predicted photon noise limit in each bin, which decreases as the square root
of the number of points. We then select the photometric and centroiding apertures,
trim duration, and bin size that minimizes this least-squares difference (i.e., the
one that is closest to the photon noise at all measured timescales) for use in our

subsequent analysis.

Our model for each visit consists of a secondary eclipse light curve and an instru-
mental noise model, which we fit simultaneously. We calculate our eclipse model
using the batman package (Mandel and Agol, 2002; Kreidberg, 2015), where we fix
the planet-star radius ratio, orbital inclination, and the ratio of the orbital semi-major
axis to the stellar radius (a/R.,) to the published values for each planet (see Table
3.1 for references) and allow the eclipse depth and time to vary as free parameters.

Due to the fact that the orbital parameters are often more precisely measured from
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transit light curves than from secondary eclipse light curves, we are justified in
fixing the orbital parameters to those measured from transit light curves instead of

letting these parameters vary in our fits.

The dominant instrumental noise source for Spitzer timeseries photometry is intra-
pixel sensitivity variations (Reach et al., 2005; Charbonneau et al., 2005; Morales-
Calderon et al., 2006), which cause the apparent flux from the star to vary as a
function of its position on the pixel. We model this effect using the pixel-level
decorrelation (PLD) method, which uses a linear combination of individual pixel-
level light curves to account for trends due to variations in both the star’s position
on the array and the width of the stellar point spread function (Deming et al., 2015).
As in Deming et al. (2015), we utilize a 3 X 3 grid of pixels centered on the location
of the star and remove astrophysical flux variations in each 3 X 3 postage stamp by

dividing by the summed flux across all nine pixels.

In the majority of our observations, we can fully account for additional time-
dependent trends with the inclusion of a linear function of time once we have
trimmed some data from the start of the observation. This is not true, however, for
the 3.6 um observation of WASP-72b or the 3.6 um observation of WASP-7b. For
the 3.6 um observation of WASP-72b, we obtain the best fit using an exponential
function of time. Using this exponential reduces the Bayesian Information Criterion
(BIC) by 12. For the 3.6 um observation of WASP-7b, we obtain the best fit using
a quadratic function of time (ABIC of 66). For all fits we divide out our initial
astrophysical model and use linear regression on the residuals to obtain an initial
guess for the nine linear PLD coefficients in order to speed up convergence for these

highly correlated parameters.

When optimizing our choice of photometry, we first fix the predicted time of eclipse
to an orbital phase of 0.5 and run fits on each version of the photometry using
a Levenberg-Marquardt minimization. We then select the optimal version of the
photometry in each bandpass and carry out a simultaneous fit to all of the visits
for a given planet, where we allow the orbital phase of the secondary eclipse to
vary as a free parameter. We carry out these fits using the affine-invariant Markov
chain Monte Carlo (MCMC) ensemble sampler emcee (Foreman-Mackey et al.,
2013, 2019), where we allow the secondary eclipse depth to vary independently
in each bandpass but assume a common eclipse phase. We place uniform priors
on all free parameters and allow the eclipse depths to take on negative values so

that we do not bias our eclipse depth estimates. We utilize 60 walkers for our fits,
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which is enough to ensure adequate sampling of the model parameter space. We
initialize these walkers in a tight cluster centered on the best-fit solution from a joint
Levenberg-Marquardt minimization and carry out an initial burn-in with a length
of 10,000 steps. We then discard this initial burn-in and carry out a subsequent fit
with 10° steps per chain. We then return to the original set of photometry options
and repeat our optimization fixing the time of secondary eclipse to the median value
from the MCMC chains. We adopt the resulting optimal photometry choices for
each visit and rerun the MCMC for the joint fits.

We report the median values from our MCMC chains and the corresponding 1o
uncertainties in Table 3.3 and show the raw photometry for each visit with best-fit
instrumental noise models from the joint fits overplotted in Figure 3.1. Normalized
light curves for these visits with best-fit eclipse light curves overplotted are shown
in Figure 3.2. In Figure 3.3 we combine all visits for HAT-P-38b and show the
averaged light curves for each bandpass. The standard deviation of the residuals as

a function of bin size for all visits are shown in Figure 3.4.

We alter our fitting procedure for WASP-7b, as there appears to be substantial
correlated noise (i.e. the residuals do not scale with 4/n) in the residuals of the 3.6
pm data (see the WASP-7b 3.6 um panel in Figure 3.4). To mitigate any biases in our
best-fit parameters, we initially fit each of the channels for WASP-7b independently.
We find that the best-fit secondary eclipse phases for each channel are consistent at
the 1 sigma level, indicating that the correlated noise in the 3.6 ym data is likely not

biasing our time of secondary eclipse in that channel.

We find that both the 3.6 and 4.5 um data prefer an eclipse phase that is offset
from the expected value for a circular orbit (see Section 3.3 for more details). As a
result, the secondary eclipse is not centered in the observation, but instead occurs
78.83’2 minutes early. In order to preserve as much of ingress as possible, we
only trim 30 minutes from the beginning of each observation for this planet rather
than considering a range of trim durations and optimizing to minimize the scatter
in the residuals. We account for the effect of correlated noise on the 3.6 um eclipse
depth uncertainty by inflating the per-point errors (which are generally left as a free
parameter in our fits) by a factor that reflects how much the variance of the residuals
deviates from the expected white noise scaling (i.e. 1/4/n where n is the number of
points in each bin) at a characteristic timescale of 10 minutes (see Pont et al., 2006
and Lanotte et al., 2014 for more information). Because we are fitting binned light

curves, we calculate this inflation factor as the amount of excess noise relative to
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the expected v/n scaling when we go from the binning timescale used in the fits to a
binning timescale of 10 minutes (see Figure 3.4). We find that the resulting inflation
factor is 2.1 for the 3.6 yum WASP-7b observation. We then take our best fit per-point
error from the initial fit, multiply it by that factor, fix the per-point uncertainty to

that value, and rerun our fit in order to obtain an updated eclipse depth and phase.

It is apparent in Figure 3.4 that several other observations also appear to have excess
correlated noise. We calculate the inflation factor for each observation following
the same process as described above, and implement a new version of the fit with
an inflated per-point uncertainty for visits with inflation factors larger than 1.5. We
find that correlated noise exceeding this threshold is present in both the 3.6 and
4.5 pum observations of WASP-72b (inflation factors of 1.5 and 2.0, respectively;
see Figure 3.4) and both 3.6 um observations of HAT-P-38b (inflation factors of
1.7 and 1.5 for the first and second observations, respectively). For WASP-72b,
we do not detect the eclipse in the 3.6 yum bandpass, so we cannot compare the
best-fit secondary eclipse phases from each channel in order to determine if this
parameter is affected by correlated noise. However, the best-fit secondary eclipse
phase from the 4.5 um fit agrees with the prediction for a circular orbit, and the
alternative scenario (slightly eccentric orbit biased by correlated noise to appear

circular) seems unlikely.

3.3 Results

We report the best-fit eclipse depths and times and their corresponding uncertainties
in Table 3.3. We detect the eclipse in both bandpasses with greater than 3o
significance for HAT-P-5b, WASP-7b, and WASP-127b. For HAT-P-38b we detect
the eclipse at 3.6 um but not at 4.5 um, and for WASP-72b we detect the eclipse
at 4.5 um but not at 3.6 um. This allows us to place relatively tight constraints
on the eclipse depth in the bandpass with the non-detection, as the eclipse phase is
effectively fixed in the joint fit by the detection in the other bandpass. We find that
the best-fit eclipse phases for HAT-P-5b, HAT-P-38b, WASP-72b, and WASP-127b
are all consistent with the expectation for a circular orbit to within 30-. The posterior
probability distribution for HAT-P-38b’s eclipse phase is bimodal in the version of
the fits where the per-point errors are left as free parameters, with one peak within 20
of the predicted phase for a circular orbit and one peak corresponding to a secondary
eclipse occurring ~30 minutes later than expected. The peak corresponding to a
circular orbit is the taller of the two peaks in the initial fit, and when we inflate the

per-point errors for the visits with significant correlated noise this secondary peak
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Figure 3.1: Raw Spitzer photometry for each visit of HAT-P-5b, HAT-P-38b, WASP-
7b, WASP-72b, and WASP-127b. The normalized flux binned in 5 minute intervals
is shown as black filled circles and the 30 second binned flux is shown as gray
filled circled. The best-fit instrumental model is overplotted in red. Observations
of HAT-P-38b are shown chronologically down each column.
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Figure 3.2: Normalized light curves for each visit of HAT-P-5b, HAT-P-38b, WASP-
7b, WASP-72b, and WASP-127b from the simultaneous fits with instrumental effects
removed. We show data binned in five-minute intervals (black filled circles) with
error bars corresponding to the scatter in each bin divided by the square root of the
number of points in each bin, and we overplot the best-fit secondary eclipse model
in red. Observations of HAT-P-38b are shown chronologically down each column.
The 20 upper limits for the best-fit eclipse depths of the 4.5 yum visits of HAT-P-38b
and the 3.6 um visit of WASP-72b are shown.



60

1.0015

1.0010.

1.0005

1.0000:

Relative Flux

0.9995

0.9990

0.9985

-
HAT-P-38b 3.6 um| HAT-P-38b 4.5 um|
15 010 005 000 005 010 015 030 015 010 005 000 005 010 015 020
Time from Predicted Eclipse Center [days]

Figure 3.3: Band-averaged light curves for HAT-P-38b from the simultaneous fits
with instrumental effects removed. We show data binned in five-minute intervals
(black filled circles) with error bars corresponding to the scatter in each bin divided
by the square root of the number of points in each bin, and overplot the best-fit
eclipse model in each bandpass for comparison (red lines). The 20~ upper limit for
the best-fit eclipse depth of the 4.5 um data is shown.

is further suppressed, indicating that it is likely an artifact of the correlated noise.
We therefore present the solution corresponding to the higher peak centered near a
phase of 0.5 in Table 3.3.
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Figure 3.4: Standard deviation of the residuals as a function of bin size after
removing the best-fit instrumental and astrophysical models. The solid lines show
the predicted photon noise limit as a function of bin size, which follows a 1/VN
scaling. Observations of HAT-P-38b are shown chronologically down each column.



Target Band (um) Depth (ppm) Thyighe (K) Time Offset (days)® Center of Eclipse (Phase) ecos (w)°
HAT-P-5b 3.6 908+ 20T 14851190 -0.0006 *{9953 0.4998%0 0008 -0.0003*99007
S 1505200 1567;1;2: +0.0067 +0.0014 +0.0023
C . € . .
HAT-P-38b i.g 699814Z 189 151(3132_51 3 -0.0113*+0.0067 0.4976+9008 -0.0038*000%3
. < <
WASP-7b 3.6 714t‘1§10° 158311%{ -0.0547+900%3 0.4890%00007 -0.0173*00000
190 ) . . .
4.5 725100 1393+
WASP-72b 3.6 <8524 <2265 -0.0009*+9-0054 0.4996+0:0027 -0.0006*0-0038
288 335 ' ’ '
4.5 903*355¢ 209832
WASP-127b 3.6 719+62 1454+52 0.0038*(0003 0.500970 000 0.0014*3:00%°
43 . . .
4.5 910 +69 1373+

Table 3.3: Best Fit Eclipse Parameters

4Time offset from predicted center of eclipse. We fit both channels with a common time of secondary eclipse.
b Computed using the approximation for a low eccentricity orbit.

® There is correlated noise present in the residuals of this fit (see Figure 3.4), and we therefore inflate the per-point errors in our fits (see
§3.2 for more information).

dWe report the 20~ upper limit for the eclipse depth.

*HAT-P-38b has a bimodal distribution for the time of secondary eclipse with one peak consistent with a circular orbit and a second
smaller peak offset by ~30 minutes. We report the eclipse depths and time for the solution that is consistent with a circular orbit; see
§3.3 for more details.

29
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Our best fit solution for WASP-7b favors an eclipse that occurs 78.85"3 minutes early,

+0.0011
-0.0009

and w is the longitude of periastron. This time offset cannot be due to uncertainties

corresponding to an ecos (w) of -0.0173 where e is the orbital eccentricity
in the planet’s ephemeris, as the predicted time of secondary eclipse for a circular
orbit has an uncertainty of less than 1 minute (Table 3.1). It is somewhat surprising
that this planet would have an eccentric orbit, as the tidal circularization timescale
for this system is predicted to be short (7j,. <650 Myr estimated using Eq. 2 from
Bodenheimer et al. (2001) and a tidal quality factor Q=10°). This is significantly
shorter than the system’s 2.4 Gyr estimated age, and WASP-7b does not appear to
have an exterior companion capable of maintaining a non-zero eccentricity in the

face of ongoing circularization.

We can use the difference in the brightness temperatures between the two bandpasses
to ascertain whether we detect changes in a planet’s emission spectrum due to the
presence of spectral features. For HAT-P-38b and WASP-72b, which have non-
detections in one of the two bandpasses, we take a conservative 20~ upper limit as
the brightness temperature in the bandpass with the non-detection. We find that all
5 planets have spectral shapes that are consistent with those of a blackbody at the

30 level.

3.4 Discussion

We add three of our new secondary eclipse observations to the sample of all Spitzer
secondary eclipse measurements from the literature. We include measurements of
a subset of the 36 planets (27 of which were new) presented in Garhart et al. (2020)
(those with detections in both bandpasses measured with a significance greater
than 2.50; 31 planets). We also add 42 planets with published eclipses detected
in both bandpasses at better than the 2.50 level (see Table 3.4 for the full list
of included planets). With more than twice the number of planets, we are able to
further investigate trends in the spectral shapes of short period gas giant planets with
measured Spitzer secondary eclipses. In order to be able to compare the thermal
emission of these planets empirically, we calculate the brightness temperatures for
each planet using the reported eclipse depths and planetary and stellar parameters
from Southworth, 2011 (see Table 3.4 for more details).

Trends as a Function of Incident Flux
In the left-hand panel of Figure 3.5 we plot the 4.5 um brightness temperature versus

the 3.6 um brightness temperature to see if the spectral slopes of these planets deviate
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Figure 3.5: Left: Measured 4.5 um brightness temperature versus 3.6 um brightness
temperature for the sample of all planets with published detections in both bands as
well as three new planets from this study. Planets with blackbody-like spectra will
lie close to the black dashed line, which corresponds to a 1:1 brightness temperature
ratio in the two bands. We highlight points that deviate from this line by greater than
30 (i.e., planets with non-blackbody emission) with black outlines. The color of the
points indicates the predicted equilibrium temperature assuming efficient day-night
circulation and zero albedo. Right: The error weighted average of the brightness
temperatures measured in the 3.6 um and 4.5 ym bandpasses versus the predicted
equilibrium temperature. Planets that deviate by more than 30~ from the dashed
black line (the expected brightness temperature for efficient heat recirculation and
zero albedo) are outlined in black.

from that of a blackbody in a way that correlates with the incident flux. Garhart et al.
(2020) found evidence for such a correlation in their study, but concluded that the
trends they saw were not well-matched by commonly used model atmosphere grids.
Baxter et al. (2020) used an expanded Spitzer data set to reproduce the trend found
by Garhart et al. (2020) and concluded that models including temperature inversions
were better able to capture the qualitative shifts in spectral shape as a function of
temperature. As shown in the left-hand panel of Figure 3.5, we also find that the
most highly irradiated planets tend to lie above the line (meaning their 4.5 ym
brightness temperature is higher than their 3.6 ym brightness temperature). This is
consistent with the predictions of models presented in Lothringer et al. (2018), who
showed that planets in this temperature regime should have thermal inversions and
additional opacity sources, such as H~, that are not present in cooler atmospheres.
At lower temperatures most of the planets in our sample tend to lie below this line,
indicating that their brightness temperatures are relatively high at 3.6 ym and low
at 4.5 um. This is broadly consistent with the predictions of standard atmosphere
models (Burrows et al., 1997, 2006; Fortney, 2005; Fortney et al., 2008), which
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suggest that the infrared spectra of these planets should be dominated by water and
carbon monoxide absorption bands at these wavelengths. Because carbon monoxide
overlaps significantly with the 4.5 um Spitzer band, these models predict that planets
in this temperature range should have brightness temperatures that are lower at 4.5
pm than at 3.6 um (Garhart et al., 2020). This picture changes for planets with
temperatures less than 1000 K (Wallack et al., 2019), where methane is predicted to
be the dominant carbon-bearing molecule.

We can also use the difference between the band-averaged brightness temperatures
and the expected equilibrium temperatures for each planet to investigate trends in
circulation. As shown in the right-hand panel of Figure 3.5, the hottest planets
in our sample appear to lie significantly above this line, indicating that they have
less efficient day-night heat redistribution and low albedos. Indeed, none of these
planets lie above the maximum dayside temperature line (calculated from Pass et al.,
2019). As the incident flux decreases, planets move closer to the line corresponding
to efficient day-night circulation, as predicted by general circulation models (Perez-
Becker and Showman, 2013; Komacek and Showman, 2016). This is equivalent
to the trend described in Schwartz and Cowan (2015), where the hottest planets
appear to have less efficient redistribution of heat. We quantify the significance of
this trend using a Monte Carlo simulation where we generate one realization of the
datapoints by sampling from the probability distributions for each point assuming
all errors are reasonably well-approximated by Gaussian distributions, fitting a line
to the resulting realization and repeating this 10° times. We find that the slope of the
best-fit line differs from the equilibrium temperature expectation by greater than 60
and is qualitatively similar to the trend seen in Schwartz and Cowan (2015) despite
the differences in the stellar models that we use. Schwartz and Cowan (2015) use
a blackbody whereas we use a PHOENIX stellar model from Husser et al. (2013)

integrated across the Spitzer bandpass when determining the stellar flux.

We note that a recent study by Baxter et al. (2020) was unable to reproduce this
trend in their compilation of Spitzer secondary eclipse data when using a PHOENIX
stellar model and integrating across the Spitzer bandpass (although when using a
blackbody as in Schwartz and Cowan (2015), they were able to retrieve the trend).
However, this study used the observed brightness temperature at 3.6 um as opposed
to the error weighted average of the brightness temperatures in the 3.6 and 4.5 ym
bandpasses (C. Baxter, email communication). They argued that the presence of

CO absorption in the 4.5 um band makes the observed brightness temperature in
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this band more sensitive to potential changes in the dayside pressure-temperature
profile than the 3.6 um band. We evaluate the significance of the trend in our 3.6
pm data using the same Monte Carlo method as before. We find that using only the
3.6 um data decreases the significance of the trend, but the best-fit line still deviates
by ~30 from the line defined by setting the brightness temperature equal to the
equilibrium temperature. Although the slope of our best-fit line is consistent with
the slope derived from Baxter et al. (2020) to 1o, the error on our slope is a factor
of ~2 less, resulting in an increased significance.! The difference in uncertainties
between our best-fit slope and that found in Baxter et al. (2020) is likely due to their
use of orthogonal distance regression to fit the line and their inclusion of data with
large errors (we chose to exclude planets with less than 2.50 detections in either the

3.6 or 4.5 um bandpass).

Our study also obtains different dayside brightness temperatures than Baxter et
al. (2020) for some individual planets. In some cases, this difference is due to
the use of different values for the secondary eclipse depths (e.g. using Knutson
et al. (2012) instead of Charbonneau et al. (2008), for the eclipse depth of HD
189733b). In other cases, it is due to the use of different values for the planet-
star radius ratio and host star properties (effective temperature, metallicity, and
gravity). In this study we use the most up-to-date values for the secondary eclipse
depths, stellar parameters, and planetary parameters. Specifically, we source our
stellar and planetary parameters from TEPCat, a database that seeks to compile
the most recent and (where possible) homogeneously derived parameters for each
exoplanetary system (Southworth, 2008, 2009, 2010, 2011, 2012). Unlike Baxter
et al. (2020), we do not do an eccentricity cut on the planets that we include, but
instead take the expected equilibrium temperature at the phase of secondary eclipse.
We calculate our brightness temperatures using the same method as Baxter et al.,
2020 (i.e. using a PHOENIX stellar model from Husser et al. (2013) and integrating
across each Spitzer bandpass), and we obtain equivalent brightness temperatures

when using the same input values.

We conclude that our data provide convincing evidence for a temperature-dependent
change in recirculation efficiency. Although this trend might alternatively be inter-
preted as an increase in the dayside albedos of cooler planets, optical secondary

eclipse measurements from Kepler suggest that most planets in this temperature

'We utilize the Tequ when calculating our slopes with effective temperature, but Baxter et al.
(2020) utilize the Tiyradiation- This choice is inconsequential when evaluating the statistical significance
of the slopes because the difference is just a factor of 1/v/2, but we state this here for clarity.



67

regime have relatively low albedos (Heng & Demory, 2013). There are two plan-
ets (WASP-94Ab and WASP-131b) that lie more than 30 below the zero albedo
efficient circulation line, suggesting that they may have appreciably higher albedos
than the other planets in this sample. Both WASP-94Ab and WASP-131b lie in the
same temperature regime as Kepler-7b (Demory et al., 2011, 2013) and HATS-11b
(Niraula et al., 2018), both of which have estimated geometric albedos of approxi-
mately 0.3 in the optical Kepler bandpass (versus < 0.1 for most gas giant planets in
this temperature regime), likely due to the presence of high altitude silicate clouds
(Demory et al., 2013). If WASP-94Ab and WASP-131b also have optical albedos
close to 0.3, this would be sufficient to explain their lower than expected brightness

temperatures.

2750

0.4+
2500
0.34
2250
0.2+

2000

(K)

1750, §

T

0.04

1500

|
o4
-

1250

|
e
[N]

Tbright, 3.6micr0r\s/Tequ - Tbright, 4,5microns/Tequ

|
o
W

1000

|
I
S

750 1000 1250 1500 1750 2000 2250 2500 2750
Tequ(K)

Figure 3.6: Change in 3.6—4.5 um slope as a function of equilibrium temperature,
where slopes have been normalized by the equilibrium temperature to keep the scale
consistent across the full temperature range. The best fit linear trend is overplotted
as a red line with a random sampling of the fit lines from the Monte Carlo shown as
gray lines (see §3.4 for a description of the Monte Carlo simulations).

In order to better visualize the changes in the 3.6—-4.5 um spectral slope as a function
of incident flux, we calculate the difference in brightness temperatures between the
two bands and divide by the equilibrium temperature in order to keep the scale of
this slope constant across the full temperature range. We plot the resulting scaled
slope as a function of the predicted equilibrium temperature assuming zero albedo
and efficient circulation in Figure 3.6. Unsurprisingly, the incident flux appears to

be the primary driver of the observed spectral slope. We use the same Monte Carlo
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method as before to determine the significance of the trend in Figure 3.6. We find
that negatively sloped lines are preferred at the 3.20 level, suggesting that cooler
planets tend to be brighter at 3.6 um and dimmer at 4.5 ym than their more highly

irradiated counterparts.
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Figure 3.7: The difference in the two bandpasses, each normalized by equilibrium
temperature, versus the planet gravity, divided into temperature bins. The red lines
are the best fit from the Monte Carlo simulations and a random sampling of the fit
lines from the Monte Carlo are shown as gray lines (see §3.4 for a description of the
Monte Carlo simulations).

Trends as a Function of Surface Gravity and Host Star Metallicity

We next consider whether or not there are additional parameters beyond incident
flux that correlate with the observed spectral slopes of these planets. We divide our
planet sample into bins according to their predicted equilibrium temperatures and
investigate trends in spectral shape within each temperature bin. We first consider
whether or not surface gravity can explain some of the observed scatter in the

spectral shapes of these planets (see Figure 3.7).

As before, we evaluate the significance of the trends in spectral slope as a function
of surface gravity within each temperature bin using Monte Carlo simulations with
10% samples. We find that no temperature bin has a statistically significant slope

(see Figure 3.7).

It is also possible that variations in atmospheric metallicity in this sample of planets
might lead to variations in spectral slope. In Wallack et al. (2019), we found a

tentative (~1.90) correlation between the measured spectral slope of planets with
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Figure 3.8: The difference in the two bandpasses, each normalized by equilibrium
temperature, versus the stellar metallicity, divided into temperature bins. The red
lines are the best fit from the Monte Carlo simulations and a random sampling of
the fit lines from the Monte Carlo are shown as gray lines (see §3.4 for a description
of the Monte Carlo simulations).

equilibrium temperatures less than ~1000 K and host stellar metallicity, which we
use here as a proxy for planetary atmospheric metallicity. It is reasonable to assume
that metal-rich stars should have correspondingly metal-rich disks, and therefore
produce planets with correspondingly metal-enriched atmospheres. However, the
range of metallicities spanned by the host stars in our planet sample only vary
between —0.41 and +0.43, corresponding to a relatively small 6.9 change in bulk
disk metallicity. In Wallack et al. (2019), we use a grid of atmosphere models
to demonstrate that for cool (< 1000 K) planets these Spitzer observations would
only be sensitive to changes in atmospheric metallicity that are one to two orders
of magnitude larger. Indeed, there are other indications that this picture is not as
straightforward as one might hope. For example, Teske et al. (2019) found that there
are no statistically significant correlations between host star abundances and bulk
planetary metallicity for planets less than 1000 K, further complicating attempts to

link stellar metallicity to the resulting planetary atmospheric and bulk metallicities.

We use our new expanded sample to search for trends in stellar metallicity within
each temperature bin (Figure 3.8). Extending the equilibrium temperature bin of
the cooler planets to 1300 K, we also recover the relationship between spectral slope
and stellar metallicity hinted at in Wallack et al. (2019). In order to determine

the significance of the trends in each panel in Figure 3.8 we again use a Monte
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Carlo simulation where we sample from the probability distributions for each point.
Interestingly, including these slightly warmer (1000 — 1300 K) planets in our lowest
temperature bin does not greatly decrease the significance of the slope (which is
still consistent with a flat line at the 1.80 level), despite using different sources
for the stellar metallicities and including warmer planets. Although we would
not necessarily expect planets warmer than 1000 K to have the same metallicity-
dependent shift in the ratio of methane to carbon monoxide and carbon dioxide that
we see in cooler atmospheres, our previous study (as well as Drummond et al., 2018)
demonstrated that for planets with C/O ratios less than 1, there is still a detectable
change in the 3.6 — 4.5 um spectral slope for these slightly warmer planets (see
Wallack et al., 2019 Figure 6).

In contrast to this result, we find that negative slopes are preferred for planets in the
1300-1500 K bin, but our data are still consistent with a positive sloped or flat line at
the 1.50 level. It would not be surprising if the effects of metallicity on the spectral
slope varied between temperature bins. As discussed above, changes in metallicity
can alter the relative abundances of key molecules including methane, water, carbon
monoxide, and carbon dioxide. For planets with high altitude cloud layers, changes
in the metal content of the atmosphere might change the number density, vertical
distribution, and average sizes of cloud particles (Morley et al., 2013). In general,
we would expect increased cloud opacity at low pressures to suppress the amplitude
of molecular features in the planet’s dayside emission spectrum, making it look more
like a blackbody (e.g., Morley et al., 2017) at near-infrared wavelengths. Indeed,
planets with equilibrium temperatures in the 1300-1500 K temperature range are
expected to host high altitude silicate cloud layers, and we might therefore expect
this temperature bin to be more sensitive to metallicity-dependent changes in cloud
properties at these wavelengths. At mid-infrared wavelengths on the other hand, we
might expect to directly see emission peaks due to the presence of silicate clouds
(Richardson et al., 2007).

3.5 Conclusions

We present new secondary eclipse depth measurements in the 3.6 and 4.5 um Spitzer
bands for HAT-P-5b, HAT-P-38b, WASP-7b, WASP-72b, and WASP-127b. We find
that HAT-P-5b, HAT-P-38b, WASP-72b, and WASP-127b have secondary eclipse
times consistent with the prediction for a circular orbit, but WASP-7b appears to

have a modest orbital eccentricity (ecos (w) =-0.0173*0001L).
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We combine these new detections with a sample of 73 planets with published 3.6 and
4.5 um eclipse depths in an effort to better understand trends in the spectral shapes
of these planets as a function of irradiation, surface gravity, and host star metallicity.
We find that incident flux is the single most important factor for determining the
atmospheric chemistry and circulation patterns of short-period gas giant planets.
Although we would also expect surface gravity and host star metallicity to play
a secondary role, we do not find any compelling evidence for correlations with
these parameters in the current sample of Spitzer eclipses. Most planets in our
sample with the same incident flux level have broadly similar spectral shapes, but
our study also reveals a subset of planets that appear as outliers in these plots.
For example, WASP-94Ab and WASP-131b appear to be cooler than expected and
may have high reflective cloud layers in their dayside atmospheres. Such planets
are particularly promising targets for the James Webb Space Telescope (JWST),
which is currently scheduled for launch in 2021. The increased aperture size and
wavelength coverage of JWST will allow us to obtain invaluable new insights into

the atmospheric compositions of gas giant planets.

3.6 Appendix
We show the full list of planets (both from the literature and from this study) with
detected eclipses (at the 2.50 level or better) in both the 3.6 ym and 4.5 yum Spitzer

bandpasses in Table 3.4. Planets shown in bold have new eclipses detected herein.



Planet Tequ (K) 3.6 Tbright (K)* 4.5 Trighe (K) *  log (gravity) (cgs) [Fe/H]. refs
CoRoT-1b  1916%%,  2276% 00 2206105 3.03+0.03 -0.30£025 1.2
CoRoT-2b 1522425 1798j‘§ 18311@% 3.62+0.02 0.04+£0.05 1,2
HAT-P-1b  1324£21 1405 1473+ 2.87+0.01 0.13£0.05 1,3
HAT-P-2b"  1812£143 22327 204061 4.18+0.08 0.14£0.08 14
HAT-P-3b  1172£26  1543*/L 1242%72 3.25+0.03 0.24+0.08 15
HAT-P-4b  1691*§3 2214j‘§ 1838+ 2,970 0.277+0.007 1,5
HAT-P-5b  1517+37 1485j11?§ 1567+153 3.22+0.05 0.24+0.15 1,6
HAT-P-6b  1705£47  1935*2 1648+41 3.13+0.05 -0.13£0.08 1.7
HAT-P-7b  2217£13  2608*] 265349 3.317+0.007 0.32+0.04 18
HAT-P-8b 1733+35 203414; 16773 3.26+0.02 0.01+0.08 1,7
HAT-P-13b 172638 1714i§§ 1659+52 3.01+0.02 0.41£0.08 19
HAT-P-19b  991*% 1088*¢ 912*53 2.78+0.03 0.24£0.05 1,10
HAT-P-20b°  969+53  1015%3¢ 992421 4.23+0.02 0.22+0.09 1,11
HAT-P-23b 1952437 2160134 2138*%% 3.54+0.03 0.13£0.08 1,12
HAT-P-30b 164638 188215g 1745%%¢ 2.99+0.04 0.12£0.03 19
HATP-32b 1802426  2059%% 2012446 2.80+0.10 -0.04£0.08 1,13
HAT-P-33b 178032 2034t§ 1932+10) 2.82+0.06 0.07+0.08 19
HAT-P-40b  1766%),  2006* % 1833*5] 2.71+0.03 0.22+0.10 19
HAT-P-41b 193713% 217332% 2182j§§ 2.84+0.06 0.21£0.10 19
HD149026b  1625*10 197837 1668%52 3.13700) 0.36£0.05 1,14
HD189733b  1191£25  1315x11 11999 3.33+0.02 -0.03£0.05 1,15
HD209458b¢  1459+17  1534*3% 1436133 2.968+0.004 0.02+0.05 1,16
KELT-2Ab 171335 1948+48 175225g 3.36+0.04 0.034+0.078 1,9
KELT-3b 18175 2320%% 2022%% 3.31+0.04 0.044700%0 1,9
KELT-7b 2051433 2412432 2326+38 3.13+0.06 0.139700% 1.9

—0.081

L



Planet Tequ (K) 3.6 Tbright 4.5 Torigne (K) *  log (gravity) (cgs) [Fe/H]. refs
Kepler-5b 1693535 2075114 1885+ 3.54+0.02 0.04£0.06 1,17
Kepler-6b 145247 14903%% 177133% 3.06700) 0.34+0.05 1,17
Kepler-12b 14861%@ 1668*5) 1363* 152 2.56+0.04 0.07+£0.04 1,18
Kepler-13Ab 2567496  2650%%) 2977450 3.9120.09 0.20£0.20 1,19
Kepler-17b  1713*33 1861j§§ 1793t9§ 3.53+0.01 0.26+0.10 1,20
Qatar-1b 138973 1380*177 1500t§7l 3.39+0.01 0.20£0.10 1,9
TrES-1b 1147£21 1216+, 1069*% 3.19+0.03 0.06£0.05 1,21
TrES-2b 1467+23 1523+ 1684*78 3.323+0.006 -0.15+£0.10 1,22
TrES-3b 163925 1825t;f 1637tf8$ 3.4420.02 -0.19£0.08 1,23
TrES-4b 1798+45 1876j6% 1719t§§ 2.45+0.05 0.28+0.09 1,24
WASP-1b 1826%35 1756f§ 2051%%) 2.99+0%% 0.14£0.07 1,25
WASP-3b 199538 22253% 2333+54 3.38+0.03 0.161£0.063 1,26
WASP-4b 167429  1824*15 1645%3] 3.221+0.009 -0.03£0.09 1,27
WASP-5b 1753440  2004*7) 1924%2 3.46+0.04 0.09+0.09 1,28
WASP-6b 118427 122970 1112+68 2.90+0.02 -0.20+£0.09 1,10
WASP-7b  1530+50 1583j¥47] 1393t§§ 3.110.07 0.00£0.10 1,6
WASP-8b° 1138+17  1490*; 1080*3% 3.63+0.02 0.29+0.03 1,29
WASP-10b"  955*172 1153t§4 1086t§§ 3.84+0.04 0.05+0.08 1,10
WASP-12b  2562%3¢ 3017t§§ 266166 3.00+0.01 021+0.04 19
WASP-14b"¢  1934*72 229026 230135 4.09%0:08 0.00£0.04 1,9
WASP-18b  2412+42 291832 317648 4.26+0.02 0.10+0.08 1.9
WASP-19b°  2078+41 2384439 2173 3.153+0.005 0.14£0.11 19
WASP-24b 177340 200770 2005t§§ 3.2120.03 -0.02£0.10 1,30
WASP-33b  2734*5 2915*10 3015+70 3.28+0.04 0.10£0.20 1,14
WASP-39b 116720 1249*%, 1087+%% 2.63+0.05 0.01+0.09 1,10

€L



Planet Tequ (K) 3.6 Tbright 4.5 Torigne (K) *  log (gravity) (cgs) [Fe/H]. refs
WASP-43b 144141 1730%3; 1509+ 3.67+0.01 -0.01+0.12 1,9
WASP-48b 1957463 2219*7 2203+ 08 3.06+0.04 -0.12+0.12 1,12
WASP-62b  1427+35 1896*) 1554+07 2.830.04 0.04+0.06 19
WASP-63b  1577*35  1516*100 1383* 2} 2.62+0.05 0.28£0.05 19
WASP-64b  1692+£50 2099*%) 1603* 123 3.29+0.03 -0.08+0.11 1,9
WASP-69b  961+20 100017 854*15 2.73+0.04 0.15+0.08 1,31
WASP-74b 1927425 2052+41 2179455 3.02+0.01 0.34£0.02 19
WASP-76b 2232451 2603+32 2701+39 2.8120.03 0.366+0.053 1,9
WASP-77Ab  1705+£22 1752435 166740 3.44120.008 0.07+0.03 19
WASP-78b  2353*80  2490*13 2264+70% 2.67+0.04 -0.35+0.14 1,9
WASP-79b  1717%3]  1936%3, 1932+56 2.92+0.04 0.03+0.10 1,9
WASP-80b 825423 874"} 871x16 3.16+0.01 -0.14£0.16 1,32
WASP-87b 2312468 2688+ 28685 3.42+0.03 -0.41£0.10 1.9
WASP-94Ab  1615%39 151423%5? 1386%? 2.54+0.03 0.26£0.15 1,9
WASP-97b  1549+44  1728%)) 1578%32 3.37+0.04 023x0.11 19
WASP-100b  2086*1%% 2235+ 2364*5) 3.207030 0.00£0.08 19
WASP-101b 155340 1674%3) 1483% 2.760.04 020+0.12 19
WASP-103b°  2489*8,  2629*30 2859*3 3.16*092 0.06+0.13 1,9
WASP-104b  1475£17 171177 1795%, 3.40+0.01 0.410+0.057 1.9
WASP-121b 2389440 241236 2484136 2.97+0.02 0.130.04 19
WASP-127b  1404£29  1454+)2 1373+ 2.33+0.06 -0.18+0.06 1,6
WASP-131b  1451+41 1358%%3 1085t§§3 2.6620.04 -0.18£0.08 1,9
XO-1b 1204£17  1292* 125143 3.19+0.01 -0.03£0.05 1,33
XO-2b 1351%3 1445%%7 1321f§6 3.15+0.03 0.43+0.05 1,34

YL



Planet Tequ (K) 3.6 Tbright (K)* 4.5 Trigne (K) *  log (gravity) (cgs) [Fe/H]. refs

XO-3b"  1844+96 186130 1940440 4.27+0.03 -0.18+0.05 1,35
XO-4b 1642477 1535112 1963*7 3.3620.03 -0.04£0.05 1,7

Table 3.4: Brightness Temperatures and System Parameters

4Planetary system parameter values used in computing brightness temperatures from Southworth (2011).

PFor this highly eccentric planet (Bonomo et al., 2017), we report the temperature at the planet’s separation at secondary eclipse.

“We calculate the brightness temperature for this planet using the error-weighted average of the reported eclipses.

(1) Southworth (2011), (2) Deming et al. (2011), (3) Todorov et al. (2010), (4) Lewis et al. (2013), (5) Todorov et al. (2013), (6) this
work, (7) Todorov et al. (2012), (8) Wong et al. (2016), (9) Garhart et al. (2020), (10) Kammer et al. (2015), (11) Deming et al. (2015),
(12) O’Rourke et al. (2014), (13) Zhao et al. (2014), (14) S. Zhang et al. (2018), (15) Knutson et al. (2012), (16) Evans et al. (2015), (17)
Désert, Charbonneau, Fortney, et al. (2011), (18) Fortney et al. (2011), (19) Shporer et al. (2014), (20) Désert, Charbonneau, Demory,
et al. (2011), (21) Cubillos et al. (2014), (22) O’Donovan et al. (2010), (23) Fressin et al. (2010), (24) Knutson et al. (2009), (25)
Wheatley et al. (2010), (26) Rostron et al. (2014), (27) Beerer et al. (2011), (28) Baskin et al. (2013), (29) Cubillos et al. (2013), (30)
Smith et al. (2012), (31) Wallack et al. (2019), (32) Triaud et al. (2015), (33) Machalek et al. (2008), (34) Machalek et al. (2009), (35)
Machalek et al. (2010)

SL
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Chapter 4

SURVEY OF PROTOPLANETARY DISKS USING THE
KECK/NIRC2 VORTEX CORONAGRAPH

4.1 Introduction

Gaps, cavities, and spiral features seen in protoplanetary disks are thought to be the
signposts of planet formation. Millimeter-sized dust grains are expected to rapidly
drift inwards, resulting in the depletion of large dust grains at large radii (Weiden-
schilling, 1977). However, when imaged by facilities such as the Atacama Large
Millimeter/submillimeter Array (ALMA), structures in the large dust grains are evi-
dent out to hundreds of au in many protoplanetary disks (e.g., Andrews et al., 2018;
Long et al., 2018). In order to keep these dust grains at such large orbital separa-
tions, there must be mechanisms in effect that trap dust grains at large distances and
produce the spiral, concentric ring, and gap substructures that seem to be prevalent
among protoplanetary disks imaged with ALMA. A number of different mechanisms
have been suggested to explain the protoplanetary disk dust distributions, including
magnetorotational instabilities, dead zones, and condensation fronts (e.g., Isella et
al., 2016; S.-F. Liu et al., 2018; Ohashi and Kataoka, 2019). However, one of the
most favored explanations for the substructures in the observed millimeter dust in
these disks is that they are caused by forming planets interacting with the natal disk
structure. Forming giant planets can cause pressure bumps outside of their orbits
and trap large dust grains into rings while less massive planets generally open gaps
in the dust in the disks with no significant changes to the local gas (Paardekooper
& Mellema, 2006; Zhu et al., 2014). The presence of protoplanets associated with
disk substructures has also been inferred by measuring deviations from Keplerian

velocity in the gas velocity field (Pinte et al., 2019; Teague et al., 2018).

Determining the masses of the planets that are carving out the gaps in the gas and
dust of the disk is complicated by uncertainties on the bulk disk parameters, which
can lead to large degeneracies in the masses derived from the geometry of millimeter
dust cavities and gaps. For example, assuming different values for the disk viscosity,
which is a largely observationally unconstrained parameter, can lead to differences
in the calculated masses of planets on the order of a factor of >4 (S. Zhang et al.,

2018). One way to more directly estimate the masses of planets carving these gaps
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is to directly detect the young planets’ thermal emission.

Direct imaging is uniquely able among planet detection and characterization meth-
ods to probe the locations of the proposed wide-separation planets carving out the
gaps in these young systems. Thus, direct imaging is capable of detecting planets
in the act of forming, allowing us to place observational constraints both on the
masses required to carve out millimeter gaps and also probe formation locations and
accretion timescales. Leveraging the fact that the blackbody expectation of a cool
planet would dictate more advantageous contrast in the L’-band (3.8 um) over other
wavelengths, there have been multiple direct imaging surveys of protoplanetary
disks at L’ (e.g., Stone et al., 2018; Launhardt et al., 2020) and more broadly in the
infrared (Asensio-Torres et al., 2021). Moreover, observing in the L’-band allows
for a compromise between more favorable planet-to-star contrast expectations and

increased background noise at longer infrared wavelengths such as the M-band.

Conducting a survey at L’ allows for more advantageous planet-to-star flux ratios
over millimeter wavelengths making these infrared surveys the most sensitive to
directly detecting the planets inferred by the millimeter data. Additionally, the
infrared wavelength observations also provide information on the micron-sized dust
distribution as inferred from scattered light. This means that this technique allows for
both possible direct detection of planets while also providing a better understanding
of the distribution of small dust grains, allowing for direct observations of planets
interacting with their natal disks and actively accreting their atmospheres (e.g., the
PDS 70 system; Benisty et al., 2018, Keppler et al., 2018).

To this end, we present a survey using the Keck/NIRC2 vortex coronagraph (Mawet
et al., 2016, Serabyn et al., 2017) of protoplanetary disks previously observed at
other wavelengths that show substructures and/or cavities. Utilizing the vortex
coronagraph allows for high sensitivity to faint sources at small angular separations
(down to 0."1), ideal for probing the cavities shown in the millimeter/sub-millimeter

dust close to the host star.

In Section 4.2, we discuss the strategy for our observations. In Section 4.3, we
present detection limits of all our targets using our derived contrast curves and in
Section 4.4, we put these contrast curves into the broader context of the detection

possibility of long-period giant planets.
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4.2 Observations

Target Selection

All targets were selected for using the criteria that they (1) have published images
in the millimeter/sub-millimeter or a published spectral energy distribution (SED);
(2) show evidence in the ALMA data or SED for a gap and/or cavity that could have
been formed due to interactions between the millimeter-sized dust and a forming
protoplanet; (3) are nearby (preferably within ~300 pc); (4) are bright enough
for a high-quality adaptive optics (AO) correction; and (5) are estimated to be
young (<30Myr). Our targets were originally taken from papers on individual disks
observed with ALMA and disks that showed evidence for gaps from their SEDs.
However, following the publication of the ALMA survey of the Taurus star-forming
region (Long et al., 2018), and the DSHARP survey (Andrews et al., 2018), we
mostly selected targets that were from one of these two surveys because their high-
resolution observations allowed for more precise estimates of gap locations in the
disks and expected masses of planets that could be opening those gaps (see Table

4.1 for more information).

Observing Strategy

Observations started in observing semester 2015B and continued over the next
10 observing semesters (see Table 4.2 for more details). We observed a total of
43 protoplanetary disk targets, with some observed multiple times for follow-up

observations or to account for non-ideal observing conditions.

Observations were done using two different wavefront sensors (WFSs). The ob-
servations done prior to 2019B (2019-08-01) were done primarily with the visible
Shack-Hartmann WFS on the Keck II telescope. The AO correction for this WES
is operated in R-band, meaning that early in our survey we were limited to targets
with bright R-band magnitudes. For the post-2019B targets in our survey, we used
the recently facilitized Keck II infrared pyramid WFS, which performs wavefront
sensing in H-band, meaning that we could observe redder targets with a better AO
correction (Bond et al., 2020).

Our targets were observed using the Keck/NIRC2 vortex coronagraph using QACITS,
a real-time point spread function (PSF) centering algorithm that keeps the target star
well centered on the vortex mask and stabilized during the entirety of the observing
sequence (Huby et al., 2017). The vortex coronagraph allows for high-contrast

imaging at small angular separations (down to ~100 mas) in K, L’, and M bands
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(see Xuan et al., 2018 for a performance characterization of the vortex coronagraph).

A combination of using the vortex coronagraph and multiple observing techniques
(angular differential imaging, [ADI] and reference star differential imaging [RDI])
allows for the most advantageous scenario for the detection of exoplanets close in
to their host stars. ADI and RDI are largely complementary observing strategies
enabling detection of point sources close in to the central star and characterization

of any extended structure in the image.

The ADI strategy (M. C. Liu, 2004; Marois et al., 2006) takes advantage of the
field rotation of the sky as seen by alt-azimuth telescopes, causing any circumstellar
sources (planet or disk) to rotate with time on the detector and any non-astrophysical
signals due to optical effects (such as diffraction and high-order wavefront errors)
to stay mostly static in time. After subtracting most quasi-static speckles using the
sequence of frames, the astrophysical sources should remain, allowing for possible
detection of disk structures or point sources that would otherwise be embedded in
the diffracted starlight from the host star. ADI is most sensitive to point sources at
regions a few diffracted beamwidths (1/D, where A is the wavelength and D is the
telescope diameter) from the star.

The RDI observing strategy uses the point spread function of similar stars (in terms
of stellar type and airmass at time of observation) to characterize and remove any
remaining stellar contribution (which was not suppressed by the coronagraph). See
Ruane et al., 2019 for a full discussion of the benefits of utilizing RDI in the context
of observing with the vortex coronagraph on Keck/NIRC2. RDI is most sensitive
to areas at smaller angular separations (<0."3) in the frame, making it beneficial
to use both observing strategies (Ruane et al., 2017). We utilize two methods of
RDI, targeted RDI and single-night RDI. While we observed all of our targets in the
L’-band at least using ADI, for a subset of the targets we also obtained specifically
targeted reference stars for RDI. These targeted RDI observations consisted of
observing our science target symmetrically around transit (minimum airmass) and
then observing a specifically chosen reference star (to be as similar in magnitude
and airmass as possible) for the same amount of time also centered at its transit. We
chose reference stars to best represent the PSFs of our science targets but without
known planets, stellar companions, or disk material. When possible, we observed
each reference star centered on its time of transit for enough time so that the total

number of frames and integration time were similar to those of the science target.

In addition to the use of specifically targeted reference stars, we also utilized RDI
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within an observing night when multiple targets were observed at L’ within a night.
Despite the stellar PSFs not being manually matched to the PSFs of the science
targets, in the absence of specifically selected reference stars, this form of single
night RDI gives us a preliminary analysis that often achieves better contrast at
smaller separations (<0."3) than ADI. A more refined RDI analysis with optimized
reference frames taken from the library of L’ vortex observations might allow for

deeper achieved contrasts.

Regardless of observing strategy, we corrected the frames for bad pixels, flat-fielded
them, subtracted the sky background, registered them, and applied principal com-
ponent analysis (PCA). PCA was utilized in order to estimate the stellar contribution
in the images via the Vortex Image Processing (VIP) package! (Gomez Gonzalez
et al., 2017) and the pyKLIP package? (J. J. Wang et al., 2015).

4.3 Results

Survey Sensitivity Estimates

We first compute the 50~ contrast curves for each of our targets using VIP (Figure 4.1).
These contrast curves are computed in the same manner as described in Xuan et al.
(2018). In brief, for each observation, we determine the optimal contrast curve
among our different combinations of inner and outer mask sizes, reduction method
(ADI and RDI), and numbers of principal components by determining the optimal
contrast in any of the different combinations of those parameters in steps of 1-
pixel. We do this by first generating a So- contrast curve for each combination of
mask and frame size, number of principal components, and reduction method using
VIP (Gomez Gonzalez et al., 2017) and accounting for the effects of small sample
statistics as described in Mawet et al. (2014). VIP utilizes the fake companion
method of determining the throughput (Gomez Gonzalez et al., 2017). This method
involves injection and recovery of a series of fake companions into the images in
order to determine the contrast limits. We compare the contrast in each 1-pixel
step obtained for all combinations of inner and outer mask size, reduction method,
and number of principal components and take the minimum contrast achieved. We
repeat this process for each 1-pixel step until we have an optimal contrast curve
across all radial separations, which in reality represents multiple post-processing
frame configurations. In the case that we have multiple datasets of the same object,

we only consider the contrast curve corresponding to the more sensitive contrast

! Available under open-source license at https:/github.com/vortex-exoplanet/VIP.
2 Available under open-source license at https://bitbucket.org/pyKLIP/pyklip.
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Figure 4.1: Optimal contrast curves for our sample of protoplanetary disks colored
by L” magnitude. Each line is the most optimal 5o contrast for a different disk.

in subsequent analyses (and present the optimal contrast curve for each system in
Figure 4.1).

For our study, we focus primarily on our VIP reductions, but we also compute
the corresponding contrast curves using the pyKLIP package. For the pyKLIP
reductions, after image preprocessing and registration, each image is high-pass
filtered using a Gaussian kernel with a width equal to twice the full width at half
maximum (FWHM) of the off-axis (when the star is not on the vortex coronagraph)
point spread function. We then run pyKLIP in ADI mode with the following
parameters: an exclusion parameter of half the FWHM, 30 Karhunen—Lo¢ve modes,
an inner working angle equal to twice the FWHM, an annuli width equal to about
half the FWHM, and a number of reference frames limited to the 200 most correlated
images for each science frame (see Ruffio et al., 2017, for a more detailed description
of the algorithm). After speckle subtraction, the images of a dataset are coadded
and a Gaussian matched filter is used as described in Ruffio et al. (2017). The width
of the Gaussian kernel is equal to the PSF FWHM. The algorithm throughput is
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Figure 4.2: A comparison of the contrasts achieved using the pyKLIP and VIP
reductions. The solid lines are the median contrasts of all of the contrast curves and
the shaded regions represent the range of contrasts. We use ADI for the pyKLIP
reductions and a combination of ADI and RDI for the VIP reductions.

calculated from the injection and recovery of 160 simulated planets. Despite high-
pass filtering the pyKLIP reductions and not high-pass filtering the VIP reductions,
the contrasts that are achieved by the two reductions are comparable (Figure 4.2).
We utilize both sets of reductions in order to thoroughly vet detected point sources.
For pyKLIP, we primarily focus on the aforementioned ADI reductions. However,
with VIP, we utilize a combination of ADI and RDI, because RDI outperformed the
ADI at small separations using VIP, which likely accounts for the better contrast

limits for the VIP reductions at small separations.

Point Source Detection

In order to determine if we detect any significant point sources in our images,
we generate a signal-to-noise ratio (SNR) map for each different combination of
frame sizes, number of principal components, and reduction methods that were
determined to be the optimal combination at each 1-pixel step in separation utilizing
the VIP package (Gomez Gonzalez et al., 2017). We then create an optimal SNR

map representative of our composite optimal contrast curve by taking the SNR map
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corresponding to the frame size, number of principal components, and reduction
method that best optimized the contrast in each 1-pixel step and making a composite
SNR map consisting of each of the respective 1-pixel annuli. Since we are interested
in the region of the disks where structure is seen in the millimeter, we focus on the

region between 0."15 and 1."6.

Direct imaging data is plagued by stellar residuals due to imperfect removal of the
stellar PSFs. Some of these residual speckles can mimic the appearance of point
sources in our data. Without the use of multi-wavelength data on these speckles in
order to ascertain whether they have spectra similar to that of the host star, these
speckles can be mistaken for astrophysical point sources. However, many of these
speckles are post-processing specific and different reduction pipelines can generate

artifacts in different locations and at different SNRs.

We determine if there are any physical point sources detected in any of our observa-
tions by first generating a list of all point sources outside of our central 0."15 mask
and inside 1."6 with SNR > 5, utilizing the SNR maps generated from the VIP
reductions (the locations of which are shown in Figure 4.11). We achieve slightly
better contrast limits using the VIP reductions (Figure 4.2), so we search for point
sources in that set of reductions. We exclude known binary companions from our
list of detected point sources in order to search for previously unknown companions.
While we also do clearly detect PDS 70b in our observations, we do not discuss
the planet nor its disk (other than showing the accompanying scattered light disk
in the context of its millimeter continuum in Section 4.3), as we have thoroughly
characterized the planet and its disk using the data presented herein in J. J. Wang
et al. (2020).

In order to determine whether the detected point sources are real astrophysical signals
instead of residual diffracted starlight, we compare the contrasts of the point sources
detected with the VIP reductions to those of the contrasts at the same locations in
the observations analyzed using pyKLIP (Figure 4.3). If these point sources were
real, the fluxes measured between the two reductions should be consistent. The
SNR maps using pyKLIP are derived from computing the standard deviation in
2-pixel-wide concentric annuli. For each of the 30 point sources with SNR > 5
in the VIP SNR maps, we determine the flux and uncertainty of that point source
using the maximum likelihood estimated method of the negative fake companion

technique implemented in VIP for both our VIP and pyKLIP reductions.

The majority (24) of the 30 point sources detected in the VIP reductions do not have
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Figure 4.3: Comparison of the planet-to-star flux ratio of the point sources in
Figure 4.11 determined from the VIP reductions versus the planet-to-star flux ratio
in the same location in the pyKLIP reductions. A perfectly consistent flux ratio is
designated by the dotted line.

consistent (at the 20~ level or better) fluxes detected in the pyKLIP reductions, and
are therefore likely not physical. The other 6 point sources represent a combination
of real disk detections that are consistent between the different reductions and
observations where there are many residual speckles in the datasets due to imperfect
speckle subtraction by both reduction algorithms. Of these 6 point sources, 1 (in
HD 179218) is due to residual effects in the VIP RDI reductions due to poor reference
star PSFs and a particularly noisy corresponding pyKLIP ADI reduction, 2 (1 in
CQ Tau and 1 in LkCa 15) are due to real disk structures that appear to be point-like
but are consistent with extended structure, 2 (in HL Tau) do not have the typical
PSFs of point sources and instead have extended appearances likely due to diffraction
from the telescope support structures, and 1 appears in the AS209 dataset with the
poorer contrast and not in the observation with a better detection limit, indicating
that it is not real. Therefore, by a combination of automatic and manual vetting,
we do not convincingly detect any new point sources in our observations in the area
between 0"15 and 1"6.
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While we utilized both pyKLIP and VIP in order to vet potential point sources in
our data, our VIP reductions generally achieved better contrasts than our pyKLIP
reductions (Figure 4.2). Therefore, in all subsequent analyses presented herein, we

present results utilizing our VIP reductions.

Scattered Light Disks

The direct detection of substructures in large grain dust as detected by ALMA
and/or evidence of a gap or cavity in the stellar SED was a requirement of our target
selection. Therefore, we might expect to see evidence of disk structure in all of
our observations. However, in the case of the ALMA observed disks, the thermal
emission of the millimeter/submillimeter sized dust grains is what is being detected,
whereas in the case of near-IR observations, we are sensitive to the scattered light
of the micron-sized dust. Owing to viewing geometries, the scattering properties of
dust grains at different wavelengths, the luminosity of the host star, data reduction
techniques, and the sensitivity of our study, we would not expect to see evidence
of scattered light disks in all of our targets. We do, however, see disk structures in
a subset of our observations which are consistent with the ALMA observations for
these systems (Figure 4.4). We optimize the images shown in Figure 4.4 by selecting
the number of principal components in our full frame images that best shows the

extended structure.

For purposes of our initial survey, we limit our RDI analyses to single nights (where
to first order, we expect the most similar AO correction) where the stellar PSFs of
any other objects observed on the same night by the vortex coronagraph at L act
as our reference library. In this initial census of detected scattered light disks, we
do not optimize this reference library herein, therefore we are not detecting every
disk that would be evident from a library where stellar properties are more closely
matched to the science target (such as the SR 21 disk that we present in Uyama et al.
(2020), where the reference PSFs are selected across different observing nights).
We also do not combine multiple observing nights that might allow for the increase
in SNR needed to make the scattered light disk more evident (such as in the case
of the HD 163296 disk presented in Guidi et al. (2018), where the disk was more

visible when data over two consecutive nights were combined).

Stellar Parameters
Planet mass limits derived from infrared observational contrasts are a strong function

of age. Therefore, it is of the utmost importance that we determine accurate ages
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Figure 4.4: The disks in our survey that show evidence of structure which is
indicative of scattered light disks. We show the 10 (solid lines), 20~ (dashed lines),
and 30 (dotted lines) ALMA contours (from references in Table 4.1) overlaid on
our 3.8 micron images for reference. North is up and east is left in all of the images.
We show the reduction method and number of principal components that optimizes
the appearance of the extended structure.

for our host stars (and therefore planetary systems). However, the ages of young
stars are notoriously difficult to determine, so in order to allow for direct, population
level analyses of planet mass upper limits, we derive uniform ages for our sample of

systems.

In order to estimate the stellar ages for these protoplanetary disk-hosting stars,
we first attempt to compile the stellar parameters (L, Tefr) required to calculate
the ages of these systems as consistently as possible. Since many of the stellar
parameters are sourced from references that pre-date updated Gaia distances (Gaia
Collaboration et al., 2021), when applicable, we first rescale the stellar luminosities
from the sources in Table 4.1 to account for the updated distances from Gaia. In
the cases where uncertainties on the stellar luminosity and effective temperature are
not published, we assume a 10% uncertainty in log(Lg,:) and 2% uncertainty in Teg
(Pascucci et al., 2016).

We then estimate the stellar ages and masses using isochrones from Choi et al.
(2016) in the range of 0.5 to 50 Myr. We interpolate the tracks to probe the mass
range from 0.05 to 1.4 Mgy, in steps of 0.01 My,,. We adopt the method described

in Andrews et al. (2013) to determine stellar masses and ages. We first evaluate a
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likelihood function for each set of luminosities and effective temperatures (equation
1 in Andrews et al., 2013). We then marginalize the likelihood distribution and take
the median of the marginalized distribution to estimate the age and mass of the star.
We estimate the uncertainties as the 16% and 84% percentiles of these marginalized
distributions (which takes into account the uncertainties on the stellar luminosity

and effective temperature).

Our calculated ages are generally consistent at the 1o level with those presented
in the references in Table 4.1, with variations in the ages mostly due to updates to
the distances to these stars as determined from updated parallaxes from Gaia (Gaia
Collaboration et al., 2021). Therefore, we adopt our calculated ages in subsequent
analyses. We modify our procedure for the close binary V4046 Sgr. While our
derived age for this system is in agreement with a portion of the published literature

for this system, it is not in agreement with the age of the g Pictoris moving group

+4.38
2—2.46

Myr and the age of the S Pictoris moving group is 23+3 Myr (Mamajek & Bell,

for which it is a member. Our calculated age from our isochrone fit is 5.6

2014). Notably, our calculated mass of 0.9‘:%22 Mgun is in good agreement with the
dynamical mass of 0.90+0.05 Mg, from Rosenfeld et al. (2012). Older system ages
result in higher mass estimates, therefore to be most conservative, we adopt the older
age of the moving group in case the luminosity measurement was contaminated from
the binary component as was noted as a possibility in McCarthy and White (2012).
Moreover, owing to the fact that all methods of estimating the ages of young stars
(both the method that we employ and the methods employed in the literature for
these systems) are rife with assumptions that bias the resulting ages, we also present
the analyses in Section 4.3 and Section 4.4 independent of system age in Appendix

C to show the effect of age estimation on our mass limits.

Determining Stellar L’ Magnitudes

In the absence of detecting any previously unknown point sources, we seek to
place constraints on the upper limits of the masses of planets that could be creating
the substructures seen at other wavelengths in these disks. We can utilize our
contrast limits in each of the gaps and cavities indicated by longer wavelength
observations. Owing to our observing wavelength, we are more sensitive than
millimeter observations to directly detecting the thermal emission of these proposed
planets, and therefore our observations, despite being non-detections, can be useful

in constraining the properties of these planets.
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Our contrast curves can be used to estimate our mass sensitivity when paired with a
host star magnitude and an evolutionary model which predicts the expected planet
mass from its magnitude. In order to estimate the stellar magnitude, we utilize the
WISE (for systems with W1 <4.5) and CATWISE (for systems with W1 >4.5) W1
and W2 measurements for each of our systems (3.4 and 4.6 microns; Marocco et al.,
2021), and determine a predicted L’ magnitude in order to determine the sensitivity
of our observations. This is necessary as each of the WISE W1 and W2 bandpasses
only cover a portion of the L’ bandpass. Following Keppler et al. (2018), we estimate
the corresponding L’ magnitude by interpolating logarithmically between the W1
and W2 bands. This is necessary because these protoplanetary disk hosting stars
show strong infrared excesses and therefore are often redder than would be expected

for a bare stellar photosphere.

Planetary Mass Upper Limits

In order to determine the planetary masses corresponding to our contrast constraints,
we use the AMES-Cond and AMES-Dusty models (Allard et al., 2012; Baraffe et
al., 2003). These models provide the expected magnitude of a planet given a mass
and age. We use these grids (interpolating between the grid points), the absolute
magnitude limits from our 5o contrast limits, and the estimated stellar ages to

calculate the upper limits on the planet masses.

High-resolution sub-millimeter observations of disks with substructures allow us to
constrain the locations of possible gap-carving planets, and can provide information
about the masses of those possible planets. S. Zhang et al. (2018) carried out a
series of 2D hydrodynamical simulations to infer the relationship between gaps in
disks imaged with ALMA as part of the DSHARP survey (Andrews et al., 2018)
and planet mass. This leads to direct predictions of masses for the objects that could
be clearing out the gaps in the millimeter observations of these systems. S. Wang
etal. (2021) utilized ALMA disk morphology and estimated the masses of planetary
substructure drivers using the pebble isolation mass for a sample of systems that
included the DSHARP (Andrews et al., 2018) sample and the systems imaged in
Long et al. (2018). Lodato et al. (2019) also estimated the masses of planets in
systems imaged as part of the DSHARP (Andrews et al., 2018) survey and systems
in Long et al. (2018) using empirical scaling relationships. These different methods
of estimating gap-opening planet masses result in differences in the masses of these

objects, which can all be compared against our planet mass upper limits.
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For systems from Long et al. (2018) or Andrews et al. (2018), Figure 4.5 compares

our mass limits, as computed from our observed 5o contrast limits at the radial loca-
tion of the planet estimated from the ALMA radial profiles, to the masses predicted
in Lodato et al. (2019), S. Wang et al. (2021), and S. Zhang et al. (2018). We account
for projection effects using published inclinations in each of the references cited in
Table 4.1 and account for the new parallaxes from Gaia (Gaia Collaboration et al.,
2021) to adjust the radial separations when necessary. When systems are inclined,
planetary orbits trace out ellipses, resulting in changing angular separations from
the host star with inclination. In order to be conservative in our mass limits, we take
the smallest angular separation consistent with the inclination. Overall, our current
mass limits are not sensitive enough to probe down to the expected masses of the
planets derived from the ALMA data, consistent with the lack of new point source

detections herein.

Systems with Consistently Derived Mass Estimates
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Figure 4.5: We show a comparison of the mass estimates from the ALMA data and
our observational mass limits for the subset of our systems observed as part of the
DSHARP Survey (Andrews et al., 2018) or the survey of the Taurus star-forming
region (Long et al., 2018). We show the ALMA derived planet masses (in Myyp) as
the points with the mass estimates derived using the AMES-Cond models from our
So contrast limits shown as the orange bars for each observed gap from the ALMA
data (specified in au as the numbers above each system designation). The lengths of
the bars incorporate the 10 uncertainties on the ages, stellar host magnitudes, and
distances. The ages for Elias 2-20 and Elias 2-24 are lower than the youngest age
in the grids. Therefore, we show the masses assuming 1 Myr as upper limits to the
ages, as younger systems would result in smaller masses. The 1o~ lower limit on the
age of Elias 2-27 is also lower than the youngest age in the AMES-Cond grid, so
we show the 1o upper limit instead of a bar. We also show the associated masses
assuming the AMES-Dusty models when the masses were within the grid in purple.
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Many of our other observed systems have detected gaps in the millimeter continuum
images but are not of high enough quality to be able to use the aforementioned
methods from Lodato et al. (2019), S. Wang et al. (2021), and S. Zhang et al. (2018)
to ascertain the planet mass. Some of these systems also show a large inner cavity
devoid of dust at longer wavelengths. Those mass estimation methods from the
ALMA data require a gap surrounded by dust, meaning that we cannot estimate the
mass of a planet that could be carving out an inner cavity. This inner cavity could
also be due to accretion of disk material onto the host star, making decoupling the
influence of the possible planet on the disk in that inner region difficult. What is
more, it is possible that the planets could visually (but not physically) co-locate with
the scattered light from small dust grains outside of large cavities in our observations,
making disk modeling a likely necessity to disentangle the two physical signals (e.g.,
PDS 70c in J. J. Wang et al., 2020; also see Quiroz et al., 2022 for more details
about the benefits of utilizing disk modeling for increased sensitivity to planets).
Additionally, bright disk signals at similar radii to planets may bias both contrast
curve and SNR estimates of point-like sources and due to the filtering of extended
signals into point-like sources, the use of dedicated techniques (e.g., MAYONNAISE
(Pairet et al., 2021), REXPACO (Flasseur et al., 2021)) may be necessary to reliably
image both point sources and extended signals. However, there are a number of
other methods to estimate the masses of planets that could be creating the cavities
and gaps seen in the millimeter. We show the estimated masses of the putative

companions, where available in the published literature, in Figure 4.6.

The other systems in our survey do not have high enough resolution ALMA data
(DoAr 28 and DO Tau), clear evidence for a gap in millimeter images but were
taken as part of the DSHARP survey (Andrews et al., 2018; AS 205 and WSB 52),
or are spiral systems without a consistent radial distance for which a gap is cleared
(WaOph 6 and MWC 758). Therefore, instead of comparing our mass detection
limits to locations of interest in each disk, we calculate our mass limits over all
radial separations from the host star (Figure 4.7). Additionally, we show our average
survey sensitivity over all separations in Figure 4.8 determined using Exo_DMC
(Bonavita, 2020). In brief, Exo_DMC uses a Monte Carlo approach to determine
the fraction of planets on Keplerian orbits that would have been recovered given an

observational mass limit with separation.
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Systems without Consistently Derived Mass Estimates
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Figure 4.6: We show the mass estimates derived from our 50 contrast limits (in
Myyp) in each gap/cavity (specified in au above each system designation) as the bars
colored by radial distance from the host star. The lengths of the bars incorporate
the 10~ uncertainties on the ages, stellar host magnitudes, and distances. The ages
for HL Tau, ISO-Oph 2, and SR 21 are lower than the youngest age in the grids,
therefore we show the masses assuming an age of 1 Myr as an upper limit to the ages,
as a younger system would correspond to smaller mass. We also show the associated
masses assuming the AMES-Dusty models when the masses were within the grid
in purple. There is a subset of systems that have estimates of planetary masses not
ascertained via the Lodato et al. (2019), S. Wang et al. (2021), and S. Zhang et al.
(2018) methods. The putative companion at 15 au in 2MASS J16042165-2130284
is detailed in Canovas et al. (2017), the putative companion at 25 au in CQ Tau is
detailed in Wolfer et al. (2021), the putative companion in HD 141569 is detailed in
Konishi et al. (2016), and the putative companion in GM Aur at 3 au is detailed in
Rice et al. (2003). The putative companions in each of the two gaps in HD 169142
have mass estimates of between 0.1-1Mjy,, for the inner planet and 1-10Myy,, for the
outer planet, so we show the upper limits for these masses (Fedele et al., 2017). The
putative companion in TW Hya is detailed in Dong and Fung (2017). We show the
expected planet masses as the circles. In cases where a planet was hypothesized to
be creating the observed substructure, but is not thought to be present in the location
of the gap, we designate the location with a star next to the radial location.

4.4 Discussion

Investigating Disk Viscosity Constraints

Determining the mass of a planet carving out a gap at sub-millimeter wavelengths
requires assumptions about the natal disk’s viscosity, a (S. Wang et al., 2021; S.
Zhang et al., 2018). Therefore, if we compare the calculated masses of planets
using different values for the disk viscosity, and find that our sensitivity at L’

predicts a mass that is below one or more of the masses calculated using different
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Figure 4.7: Companion mass upper limits as a function of separation (in au) for the
systems studied herein which did not have clear locations where a planet would be
present.
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Figure 4.8: A map of the average sensitivity of our survey in planet mass (calculated
using the AMES-Cond and AMES-Dusty models) versus separation in au calculated
using Exo_DMC (Bonavita, 2020).

disk viscosities, we may be able to place observational constraints on this parameter
with the caveat that we are assuming the AMES-Cond and AMES-Dusty models.

In order to compare our mass limits with those of masses determined with different
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values for «, we again utilize the subset of our observations with ALMA data taken
as part of the DSHARP survey (Andrews et al., 2018) or the survey of systems in the
Taurus star-forming region (Long et al., 2018). The DSHARP survey is one of the
highest angular resolution surveys at millimeter wavelengths, which allows for robust
planetary mass predictions. Moreover, S. Zhang et al. (2018) directly computed the
predicted masses of substructure drivers for different values of « for the DSHARP
sample. S. Wang et al. (2021) also directly computed the predicted masses of
substructure driving planets at different values for a for systems in Andrews et al.
(2018) and Long et al. (2018).
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Figure 4.9: Expected planet masses from S. Wang et al. (2021) (diamonds) and
S. Zhang et al. (2018) (circles), using different values for the disk viscosity, @, are
shown as black and gray points. We show our planet mass detection limits for
comparison using the AMES-Cond and AMES-Dusty models (Allard et al., 2012;
Baraffe et al., 2003) for the subset of our systems observed as part of the DSHARP
survey (Andrews et al., 2018) or the survey of the Taurus star-forming region (Long
etal., 2018). The ages for Elias 2-20 and Elias 2-24 are lower than the youngest age
in the grids. Therefore, we show the masses assuming 1 Myr as upper limits to the
ages, as younger systems would result in smaller masses. The 1o~ lower limit on the
age of Elias 2-27 is also lower than the youngest age in the grids, so we show the
1o upper limit instead of a bar. Otherwise, the lengths of the bars account for the
lo spread in the mass limits owing to the uncertainties on the system ages, stellar
host magnitudes, and system distances.

As shown in Figure 4.9, our L’ mass sensitivities do overlap with the masses
predicted from the method in S. Zhang et al. (2018) for a number of targets when
assuming @=10"2. These overlapping values within their errors means that we
cannot conclusively exclude this a=1072 value observationally, but it does indicate
that we would possibly be sensitive to massive planets in AS 209, Elias 2-24, and
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HD 143006. As with the mass estimations, uncertainties in the ages estimated for
the host stars also add uncertainty to conclusions that can be made about the disk
viscosity (see Figure 4.14 for a comparison of the masses derived from our So
contrast limits at different system ages with the masses estimated using different
disk viscosities). The fact that we do not detect planets in any of these systems,
might be tentative evidence that the disk viscosity for these systems (and indeed
protoplanetary disks in general), might be less than this 1072 value. This is consistent
with @ constraints from millimeter CO measurements (for example, Flaherty et al.
(2018) constrained the disk viscosity to @ <0.007 within a narrow region around
the midplane of TW Hya and Villenave et al. (2022) found that & <107 at 100 au
in Oph163131). However, an important caveat to this is that we are not sensitive
enough to detect planets regardless of the disk viscosity assumed using the mass
estimates from S. Wang et al. (2021).

Limits on Planetary Accretion Rates

Although we do not detect any new planets, and indeed do not seem to be able to
achieve the sensitivity needed to directly detect the thermal emission of the planets
thought to be creating the substructures seen at millimeter wavelengths (Figure
4.5), we can still place observational constraints on the nature of these planets. As
forming protoplanets accrete their envelopes from their natal disks, the brightness
associated with this accretion can surpass the intrinsic luminosity of the planet’s
residual heat of formation (Szuldgyi et al., 2019; Zhu, 2015). Therefore, assuming
that we are not sensitive enough to detect the planet’s thermal emission, we can
utilize our contrast limits to place constraints on the accretion, assuming all of the
luminosity that would be visible would be due to accretion. Zhu (2015) related
the expected magnitude to the circumplanetary accretion rate MpM . Generally,
the mass of the planet cannot be disentangled from the mass accretion rate using
infrared photometry, but utilizing the mass constraints from ALMA observations,
and our contrast limits, we can break this degeneracy. We show the upper limits
to the mass accretion rates for the planets studied herein with masses derived in
S. Wang et al. (2021) and S. Zhang et al. (2018) as a function of circumplanetary
disk radius, Ry, in Figure 4.10. The mass accretion rates that we derive are larger
than those from Ha measurements of the actively accreting protoplanet PDS 70c
(1078004 MJupyr_l; Benisty et al., 2018, Haffert et al., 2019), but are consistent
with those derived from infrared observational limits (Ruane et al., 2017).
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Figure 4.10: Upper limits on the mass accretion rates as a function of circumplane-
tary disk radius, Ry, for the subset of our systems observed as part of the DSHARP
Survey (Andrews et al., 2018) or the survey of the Taurus star-forming region (Long
et al., 2018), derived from Zhu (2015) and determined from our contrast limits (and
the AMES-Cond models) and masses from S. Wang et al., 2021 (diamonds) and
S. Zhang et al., 2018 (circles) assuming a disk viscosity of @=1073.

4.5 Conclusions

We present new deep L’ observations of 43 protoplanetary disks using the NIRC2
vortex coronagraph at Keck. We primarily selected systems that had evidence
of substructures in their millimeter/sub-millimeter continuum images in order to
ascertain if we could directly detect planets that could be forming these substructures.
While we do not detect any novel point sources, we are able to utilize our detection
limits to place robust upper limits on the masses of planets in these disks. We
present contrast curves for these systems and utilizing newly derived stellar ages,
stellar L’ magnitudes, and the AMES-Cond and AMES-Dusty models (Allard et
al., 2012; Baraffe et al., 2003) are able to place upper limits on the masses of
planets in these systems. While we are not sensitive enough to observe planets
of the masses predicted by sub-millimeter observations, we do probe down to ~1
Mjyp for a number of systems that we observed. Meaning that if planets are the
primary driver for the observed substructures in the sub-millimeter observations of
these disks, then they must be under our observational sensitivity for each system
and sub-Jovian for a number of our observed systems. Utilizing our mass upper
limits, we also investigate constraints that we can place on the viscosity of the disk,
possibly allowing us to exclude @ >1072. From our observational sensitivities and
the masses derived from ALMA observations, we are able to place limits on the

mass accretion rates for a subset of systems studied herein.
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We also detect scattered light disks in a number of our observations, which will
allow for a detailed study of the properties of the dust in protoplanetary disks when
observed at multiple wavelengths. Multi-wavelength studies of protoplanetary disks
will provide insight into the radial distributions of different sized dust in these disks,
ultimately allowing for a better understanding of the natal disk environment and the

availability of planetary building blocks.

Future observations of these systems with the next generation of larger primary
mirror ground-based telescopes will likely be needed in order to reach down to
the sensitivities required to detect these planets directly. Achieving the sensitivity
needed to observe planets of the masses predicted by millimeter observations will
be needed to definitively ascertain the nature of the disk substructures revealed by
ALMA.

4.6 Appendix
System Parameters and Observing Details

We show the system parameters in Table 4.1 and the observation details in Table 4.2.



System Distance? Teft Lb Miar© Age© L4 Ref.©
(p) X) (Lsun) (Msun) — (Myr) (mag)
2MI1604" 145314057  4898+180 0.58+0.33  1.06*01% 1259717 7.58+0.02 1.2
AA Tau 134.67+1.57  3763+1738 0.41+0.10 O.56i%.11§ 251420 7.19+0.02 34
AS 205 142.14£2.81  4266+295  2.64+0.75  0.88*20  0.63707 4.19+0.34 55
AS 209 121.25£0.43  4266+295  1.42+0.67 0.87ﬁ§%§ 1.581%{‘32 6.53+0.03 5.5
CIDA 9 175.08+2.69  3585£165¢ 0.21£0.05 0.4571% 4477%  891+£0.01 3,6
CI Tau 160.32+0.53  4277+197¢  0.83+0.19 0.92i8-114 2.82%33 6.79+0.02 3.6
CQ Tau 149.37+1.34  6900+£318  8.93+2.07 1.5718}7 11.221'5%117 6.63+0.06 7.8
DL Tau 159.94+0.50  4277£197¢ 0.65+0.15 0.92t§-}1§ 3.98400  7.20£0.02 3,6
DoAr25  138.16£0.82 4266295 0.96x0.46 0.86*07' 251*3)  6.78£0.02 55
DoAr28  135.60+£0.49 4350200 1.28+0.30  0.95*% 1.78i‘0~§§ 7.24£0.02 9,10
DoAr44  146.32£0.49  4730£218 1.92+0.45 126*:5 20072  8.13+0.02 11,12
DO Tau 138.52+£0.68  3806+1758 0.22+0.05 0.61*12 7.08%37,  6.68+0.03 3,13
DS Tau 158.35£0.53  3792£175¢  0.2420.06 O.61Jj§1‘1§ 6.31%9[1? 7.26£0.02 3.6
Elias 2-20  137.53+£3.96 3890269 222+1.07 0.58'043 0.63*)5)  5.95+0.05 5.5
Elias 2-24  139.26+£1.24  4266+295  6.32+2.87 o.92t‘§-§g 0.35%3% 6.42+£0.03 5,5
Elias 2-27  110.07£10.30 3890269  0.82+0.51 0.61t8~_lgf 2'51:?7%8 7.22+0.02 5.5
GM Aur  158.11£1.22 41151902 0.62+0.15  0.81*0¢ 3.16j21'8§ 8.17+0.01 3,14
GO Tau 142.38+0.41  3516£162¢ 0.21£0.05 0.4%°  3.16% 8.84+0.02 3,6
HD 141569 111.61+0.36 9750125  25.34+0.58 2.2j§{§)11 17.78f§i;0 6.70£0.02 15,16
HD 142666 146.25£0.46  7500+250  9.28+4.58  1.670%  19.957>:3 532+0.08 5.5
HD 143006 167.34+0.51 5623259 3.91x1.34  1.68*0°% 447107  6.28+0.04 5.5
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HD 1 (pc) (K) (Lsun) (Msun) (Myr) (mag) .
63296  100.97+0.42 92504250 16.97=1 +0.09 £
+12.69 2.02 158571577 3 43+0.44
HD 169142 114.874035 75004346 5902548 16045 177870000 6.30+0. 3
HD 179218 260.09+2.23 06404444  104.85430.00 2.52:034 3 55+1d3 6.30+£0.04 17,18
HD 34282  308.61+2.20 9250+125  14.66+0.67 1'9518:3% 1'99;'1351,53 4.48+025 19,20
HL Ta  147.30:050 44004203 9254550  1.037025 32+ 88 7.04:0.02 15,21
IP Tau 120384029 3763£173¢ 0331008 0580014 355%353 307&08 .
1Q Tau 131.51£0.62 369041708 0.22+ g3 3 102200130
IS 22+0.05 0.53 562000 7131002 3.6
0-Oph2  13425:7.56 34674160 0714017 03109 04008  gasi000 2
LkCa 15 157.19+0.65 4277+197¢ 0 foy 04075, 8442002 2425
77+0.18 0.92+0.14 3 1g+2.46 7 67+0.02
LKHa330 318224349 622042878 1655:3.84 22408 316718 64040, 3,26
MWC 480  15622:126 82504380 17.814550 1857018 14134170 6.40:0.04 - 3,10
MWC758 155874076 81304375 16304379  1.847011 125071539 4.73£0.09 6,16
PDS 70 112394024 397236 0 Bpg 120050 518+0.1027.28
34009 0751005 56+ £ 0120.00
RY Tau 138.22+3.88  5930+273¢ 11 —qga 0200 80120022950
93+2.77 2287031 251 3.82+0.11
SAO 206462 135.00+0.44 6250+125  5.17+0.12 L4500 1000412 59640, 36
SR 21 136.43£0.56 4571211  3.77+0.88 A5 g1 10007 g 5.26£0.09 15,31
TWH e 1'2—025 0.71* 1 6.04+0.03 24,32
ya 60.14+0.05  3776x1748 0.24+0.05 0.59+0.13 631+28f e : ;
UXTauA 142234067 48702248 1 g Ol 720=002 553
V1247 0ri  40130+3.16 85004250 642038 127505 3-16+1‘§58 6.87+0.02 3,10
. +3. + | —1L. ’
14.59£1.50  1.88*000  15.85*D77  6.42£0.03 34,35
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System Distance?® Teg Lb Mo Age L4 Ref.®

(pc) ) (Lsun) (Msun) ~ (Myr) (mag)
V4046 Sgr 71.48+0.11  4260+196 0.49+0.11 0.9*01  5.62%7-%, 233" 7.27+£0.02 36,37
WaOph6  122.53+0.35 4169+288 2.86+1.38 0.78t§§8 0714575 6.36+0.03 5.5
WSB52 13527092 3715£257 0.70+0.34 0.51°00 1.78t71~£ 7.3220.02 5.5

Table 4.1: System Parameters

¥We use parallax values from Gaia EDR3 (Gaia Collaboration et al., 2021).

bWe scale the luminosities in the cited references to the new distances from Gaia EDR3 (Gaia Collaboration et al., 2021).

“Our ages and stellar masses, computed using fits to isochrones (as described in Section 4.3).

dWe calculate L’ magnitudes by logarithmically interpolating the WISE W1 and W2 magnitudes.

“References: the source of the initial stellar parameters that were rescaled when necessary to account for new distances from Gaia EDR3
(Gaia Collaboration et al., 2021), a reference for a longer-wavelength observation for the disk.

TFull name: 2MASS J16042165-2130284

EThe Teg for this system is determined using Table 5 in Herczeg and Hillenbrand (2014), where we interpolate between stellar types
when necessary.

hParallax measurement from Galli et al. (2018).

"While the mass that we derive from our isochrone fit is consistent with the published dynamical mass (Rosenfeld et al., 2013) and our
derived age (5.62f§i§ Myr) is consistent with a portion of the published ages for this system, the age is at odds with that of the 3 Pictoris
moving group (23+3 Myr) for which it is a member (Mamajek & Bell, 2014). V4046 Sgr is a tight binary, so despite the agreement of
our masses, we elect to use 23+3 Myr as the age of this system to mitigate any possible contamination on the stellar luminosity from the
binary component.

(1) Carpenter et al. (2014), (2) K. Zhang et al. (2014), (3) Herczeg and Hillenbrand (2014), (4) Loomis et al. (2017), (5)Andrews et al.
(2018), (6) Long et al. (2018), (7) Testi et al. (2003), (8)Ubeira Gabellini et al. (2019), (9) Kim et al. (2013), (10) Rich et al. (2015), (11)
Andrews et al. (2011), (12) Cieza et al. (2021), (13) Kwon et al. (2015), (14) Huang et al. (2020), (15) Guzman-Diaz et al. (2021), (16)
Konishi et al. (2016), (17) Meeus et al. (2012), (18) Fedele et al. (2017), (19) Menu et al. (2015), (20) Kluska et al. (2018), (21) van der
Plas et al. (2017), (22) van der Marel et al. (2019), (23) Carrasco-Gonzalez et al. (2019), (24) Manara et al. (2015), (25) Gonzalez-Ruilova
et al. (2020), (26) Isella et al. (2012), (27)Boehler et al. (2018), (28) Dong et al. (2018), (29)Keppler et al. (2018), (30) Keppler et al.
(2019), (31) van der Marel et al. (2016), (32) Pinilla et al. (2015), (33) Nomura et al. (2016), (34) Kraus et al. (2013), (35) Kraus et al.
(2017), (36) McCarthy and White (2012), (37) Rosenfeld et al. (2013)
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Locations of Point Source Detections

We show the locations of the point sources that had SNR>5 between 0."15 and 1."6
in our VIP reductions. We vet these point sources in Section 4.3, which all appear
to be false positives. As evident by the weighted histogram in Figure 4.11, we have

more false positives at smaller separations due to imperfect starlight suppression.
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Figure 4.11: Left: Locations of all point sources detected in our observations with
SNR >5. The central 0."15 and separations> 1."6 are hatched and represent the
regions where we do not search for point sources. Right: A histogram, weighted by
area, of the separations of the detected point sources.

Age Independent Mass Estimates
The ages of young stars are notoriously difficult to ascertain. In Figures 4.5-4.9,
we utilize our best isochrone determined ages when estimating our planetary mass

limits. Here we show our gap and cavity mass plots for a variety of system ages.
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System UT Date  Total Frames Total Integration Time PA rotation
(s) )
2MJ1604*  2017-05-10 73 3285 36.2
AA Tau  2020-10-25 153 459 161.3
AS 205 2019-06-18 43 129 139.4
AS 209 2018-05-26 60 270 33.0
2018-05-28 145 435 54
2018-07-23 90 270 27.1
2018-07-30 120 360 44.5
CIDA9  2020-10-25 83 249 18.5
CI Tau 2018-10-21 132 396 161.2
2018-12-23 87 261 182.0
CQTau  2018-12-24 60 180 111.0
DL Tau  2019-01-09 160 480 220.3
DoAr25  2019-06-08 64 192 30.9
DoAr28  2017-07-01 90 405 41.7
DoAr44  2017-06-13 54 162 21.4
2017-06-30 100 375 42.1
DO Tau  2020-10-09 44 1188 19.0
DS Tau 2020-10-09 65 195 78.9
Elias 2-20  2020-05-29 143 715 72.4
Elias 2-24  2019-02-17 20 60 8.2
2020-06-01 161 483 56.9
Elias 2-27  2019-05-22 30 90 16.9
2020-05-30 131 393 54.7
GM Aur  2017-01-14 120 540 126.7
GO Tau  2020-11-27 90 270 11.5
HD 141569 2015-06-11 39 78 49.3
HD 142666 2019-06-18 75 225 38.7
HD 143006 2019-05-21 76 228 42.5
2019-06-08 60 180 29.2
HD 163296 2017-05-31 80 240 40.4
HD 169142 2020-05-31 78 234 28.9
HD 179218 2016-08-14 45 2025 130.1
2016-09-11 25 120 0.4
2016-10-17 30 144 0.8
2017-06-01 80 240 131
HD 34282  2017-02-07 73 3285 61.3
2017-10-12 49 147 24.6
2017-10-13 139 417 60.7
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System UT Date  Total Frames Total Integration Time PA rotation
(s) )
HL Tau 2015-10-22 10 25 0.1
2017-12-26 105 210 161.3
IP Tau 2017-10-03 130 546 211.6
1Q Tau 2020-11-27 84 252 16.5
ISO-Oph2  2021-05-19 237 711 68.4
LkCa 15 2015-10-22 81 2025 156.9
2015-10-24 22 55 8.5
2015-12-27 50 150 129.6
2017-01-12 101 2272.5 160.8
2017-12-24 17 51 1.4
2020-10-10 101 303 43.7
LkHa 330 2015-10-22 44 110 41.1
2018-12-25 93 279 38.3
MWC 480  2018-12-23 80 240 132.2
2018-12-24 140 420 87.9
MWC 758  2015-10-24 81 2025 128.8
2016-10-24 80 320 173.2
PDS 70 2019-06-08 42 126 27.8
RY Tau 2015-10-22 33 825 12.0
2015-10-24 83 2075 105.3
2017-12-24 20 90 33.3
SAO 206462 2016-05-27 80 240 23.0
SR 21 2020-05-31 137 411 56.3
TW Hya 2016-04-13 70 210 21.6
2017-01-09 120 540 44 4
2017-01-13 117 5265 44.7
2019-02-17 64 192 33.2
UXTau A 2016-10-16 116 232 199.5
2017-02-11 50 120 156.3
2017-10-04 128 5376 164.2
V1247 Ori ~ 2017-12-27 51 153 4.0
V4046 Sgr  2017-05-11 70 315 28.3
WaOph 6  2020-05-30 41 123 13.3
WSB 52 2020-06-02 168 504 68.3

Table 4.2: Observation Log
aFull name: 2MASS J16042165-2130284
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Figure 4.12: Similar to Figure 4.5, but showing the mass estimates derived from
our 5o contrast limits for a number of different system ages for systems observed
as part of the DSHARP survey (Andrews et al., 2018) or the survey of the Taurus
star-forming region (Long et al., 2018). We show the ALMA derived planet masses
(in Myyp) as the points with our mass estimates using the AMES-Cond model shown
as bars colored by system age. We specify the radial locations of the gaps that we
are probing as numbers (in au) above each system name. There are a number of gaps
where the derived masses are outside of the AMES-Cond model grid for certain

ages and are therefore not shown.
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Figure 4.13: Similar to Figure 4.6, but showing the mass estimates derived from
our So- contrast limits for a number of different system ages. We show our mass
estimates using the AMES-Cond model as bars colored by system age. We specify
the radial locations of the gaps that we are probing as numbers (in au) above each
system name. There are a number of ages for the multiple gaps in TW Hya which
produce mass limits outside of the AMES-Cond model grid, so we do not show
those limits. In cases where a planet was hypothesized to be creating the observed
substructure, but is not thought to be present in the location of the gap, we designate
the location with a star next to the radial location.
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Figure 4.14: Similar to Figure 4.9, expected planet masses from S. Wang et al.
(2021) (diamonds) and S. Zhang et al. (2018) (circles) for the subset of our systems
observed as part of the DSHARP survey (Andrews et al., 2018) or the survey of the
Taurus star-forming region (Long et al., 2018) calculated using different values for
the disk viscosity, @, are shown as black and gray points. We show the planet mass
estimates derived from our So- contrast limits for comparison using the AMES-Cond
models (Baraffe et al., 2003). There are a number of gaps where the derived masses
are outside of the AMES-Cond model grid for certain ages and are therefore not
shown.
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Chapter 5

CONCLUSIONS

In this thesis, we have explored the formation and evolution of gas giant exoplanets
utilizing both direct imaging constraints and atmospheric characterization of tran-
siting planets. In Chapter 2, we studied the atmospheric metallicity of a subset
of transiting close-in gas giant planets as viewed in secondary eclipse in order to
determine if the trend that is seen in the solar system giant planets is generalizable to
all planetary systems. The giant planets in our own solar system show a tight trend
of decreasing atmospheric metallicity with increasing planet mass (e.g., Lodders,
2003). If this is a fundamental part of the planet formation process, this trend
should also be evident in exoplanets. In order to probe atmospheric metallicity, we
focused on just the <1000 K close-in transiting gas giants, where we could take
advantage of the equilibrium chemistry expectations for carbon bearing species. We
detected new Spitzer secondary eclipses for four (out of five total) cool planets,
greatly expanding the sample of planets with thermal emission measurements in
this temperature regime. Using our newly expanded sample, we did not recover the
solar system trend of increasing metallicity with decreasing mass, indicating that
planets of similar mass appear to have diverse atmospheric compositions that reflect
their varied formation histories. In hindsight this should not have been surprising,
as these systems also have architectures that are quite different than that of the solar

system.

In Chapter 3, we measured new Spitzer Space Telescope eclipse depths for five
planets. We then went on to place these new detections into the broader context of
all planets with detected Spitzer secondary eclipses in order to explore what factors
govern the thermal emission of short period gas giant planets in an effort to better
understand the formation histories of this population of planets. The atmospheric
compositions of these objects are primarily influenced by their stellar environment.
We were also able to reconfirm a trend of decreasing planetary circulation efficiency
with increasing equilibrium temperature using one of the largest samples of planets

currently published.

While we were able to get a first look at the chemistry and physics of the atmospheres

of short-period gas giant exoplanets using the Spitzer Space Telescope in Chapters
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2 and 3, impending observations by the James Webb Space Telescope (JWST) at
higher signal to noise and higher spectral resolution will provide significantly more
precise measurements of their atmospheric compositions (Bean et al., 2018). While
we were limited to two relatively low signal-to-noise broadband photometric data
points for these analyses, JWST will be able to resolve individual molecular bands,
and resolve degeneracies inherent in the interpretation of many Spitzer data sets.
Many of the targets that were studied herein will be observed with JWST and allow

for updated constraints on the nature of their atmospheres.

In Chapter 4, we focus on the constraints we can put on giant planet formation using
direct imaging. We observed 43 protoplanetary disks that showed substructure
thought to be due to planet-disk interactions in the L’-band using Keck/NIRC2.
Although we were not able to directly detect any substructure driving planets, using
our observational sensitivities we were able to place upper limits on the masses
of planets in these systems down to a few Jupiter masses for a portion of our
survey targets. If planets are the primary drivers of the observed substructure, our
current observational capabilities are not sensitive enough to directly detect planets
of those masses. However, the next generation of larger primary mirror ground-
based telescopes will allow us to gain new insight into these systems (Bowens et
al., 2021; Currie et al., 2019). These larger telescopes will allow for increased
angular resolution, allowing us to probe closer in to the host stars, and increased
sensitivity to lower mass planets. These new instruments will likely uncover a larger
population of planets embedded in protoplanetary disks, providing new insight
into planet-disk interactions. New instruments to characterize the atmospheres of
directly imaged giant planet at high spectral resolution (e.g., the Keck Planet Imager
and Characterizer; Delorme et al., 2021) will further allow us to understand the

atmospheres of giant planets in the context of their natal disks.
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