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ABSTRACT

The >1500 confirmed exoplanets span a wide range of planetary masses (∼1 MEarth–

20 MJupiter), radii (∼0.3 REarth–2 RJupiter), semi-major axes (∼0.005–100 AU), or-

bital periods (∼0.3–1×105 days), and host star spectral types. The effects of a

widely-varying parameter space on a planetary atmosphere’s chemistry and dynam-

ics can be determined through transiting exoplanet observations. An exoplanet’s

atmospheric signal, either in absorption or emission, is on the order of ∼0.1%

which is dwarfed by telescope-specific systematic error sources up to ∼60%. This

thesis explores some of the major sources of error and their removal from space-

and ground-based observations, specifically Spitzer/IRAC single-object photom-

etry, IRTF/SpeX and Palomar/TripleSpec low-resolution single-slit near-infrared

spectroscopy, and Kuiper/Mont4k multi-object photometry. The errors include

pointing-induced uncertainties, airmass variations, seeing-induced signal loss, tele-

scope jitter, and system variability. They are treated with detector efficiency pixel-

mapping, normalization routines, a principal component analysis, binning with the

geometric mean in Fourier-space, characterization by a comparison star, repeatabil-

ity, and stellar monitoring to get within a few times of the photon noise limit. As

a result, these observations provide strong measurements of an exoplanet’s dynam-

ical day-to-night heat transport, constrain its CH4 abundance, investigate emission

mechanisms, and develop an observing strategy with smaller telescopes. The reduc-

tion methods presented here can also be applied to other existing and future plat-

forms to identify and remove systematic errors. Until such sources of uncertainty

are characterized with bright systems with large planetary signals for platforms such

as the James Webb Space Telescope, for example, one cannot resolve smaller objects

with more subtle spectral features, as expected of exo-Earths.
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CHAPTER 1

Introduction

Of the >1500 known exoplanets, 162 are “hot Jupiters”, planets that have near-

Jupiter masses (0.5 MJupiter ≤ M ≤ 20 MJupiter) and closely orbit their host stars,

and therefore quickly (P < 10 days). Due to their large planet-to-star radii and

temperatures, hot Jupiters have the largest exoplanetary signal. Because of their

short orbital periods, they can be observed multiple times each observing season. As

such they provide the opportunity for repeatable, high-precision measurements of

an exoplanet’s atmospheric chemistry and dynamics. However this characterization

is hindered by platform-specific systematic errors that overwhelm the planetary

signal, a large degenerate solution space due to observational uncertainties and lack

of complete spectral coverage, and host star variability that prevents the binning

of multiple observations. This thesis focuses on treating these issues to resolve the

true exoplanetary signal. Presented first is a review of how these uncertainties have

affected the current interpretation of exoplanetary chemistry and dynamics.

1.1 Hot Jupiter Chemistry

Measurements of the most abundant minor species is conducted primarily in the

near-infrared (near-IR), where these molecules emit and absorb most strongly, with

both space- (Hubble/Wide Field Camera 3 (WFC3) and Spitzer/Infrared Array

Camera (IRAC); Kreidberg et al., 2014; Knutson et al., 2012, respectively) and

ground-based platforms (e.g., IRTF/SpeX and VLT/CRIRES; Swain et al., 2010;

Snellen et al., 2010, respectively). Current observations of hot Jupiters suggest

the presence of CO, CO2, CH4, and H2O (e.g., Tinetti et al., 2007; Burrows et al.,

2007; Knutson et al., 2007a; Swain et al., 2008, 2009; Snellen et al., 2010). Their de-

rived abundances are consistent with equilibrium chemistry, where the atmospheric
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temperature and pressure govern chemical reaction rates (e.g., Moses et al., 2011,

Fig. 1.1). However, due to a lack of precision from residual systematics and in-

complete spectral coverage, exoplanet atmospheric abundances remain at best con-

strained to a few orders of magnitude (e.g., Line et al., 2014).

The current lack of precision compromises our understanding of exoatmospheric

chemistry that likely includes disequilibrium processes, which alter molecular abun-

dances from equilibrium (Moses et al., 2011). Two such predicted mechanisms are

photochemistry, the breaking of molecular bonds by light typically at higher al-

titudes (< 10−3 bar), and quenching, where vertical mixing outpaces a chemical

reaction rate, locking in the molecular abundances from a lower altitude over a vast

vertical distance. For example, one-dimensional photochemical models of the hot

Jupiter HD 189733b predict that photolysis can decrease its CH4 abundance by as

much as ∼6 orders of magnitude at higher altitudes (Fig. 1.1, Moses et al., 2011).

These models also predict that quenching can enhance HD 189733b’s CH4 abundance

up to ∼8 orders of magnitude at higher altitudes (> 10−3 bar), assuming an eddy

diffusion Kzz value of 10
9 cm2 s−1 (Fig. 1.1; Moses et al., 2011). (It should be noted

that three-dimensional models of quenching show that the factor by which CH4

differs from equilibrium varies greatly from day to night (Cooper and Showman,

2006). So that while quenching enhances the CH4 abundance on the dayside, it

is greatly reduced on the nightside.) Together these two processes have a net ef-

fect of increasing HD 189733b’s CH4 abundance by ∼1–2 orders of magnitude over

equilibrium abundances. While disequilibrium processes have been observed in the

atmospheres of the Solar System’s gas giants (e.g., Prinn and Barshay, 1977; Moses,

2000; Bézard et al., 2002), there are no conclusive detections of disequilibrium chem-

istry in a transiting exo-atmosphere.

Atmospheric abundance measurements can be hindered by the presence of clouds

or hazes, which mask an exoplanet’s molecular features. Recent studies at visi-

ble wavelengths find that some exoplanets have clouds or hazes (e.g., Pont et al.,

2008; Sing et al., 2011b; Demory et al., 2013; Kreidberg et al., 2014), while others

have relatively clear atmospheres (e.g., Deming et al., 2013; Mandell et al., 2013;
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Figure 1.1 HD 189733b’s predicted CH4 abundance as a function of pressure level
(altitude) assuming equilibrium chemistry (blue dashed line) and the disequilib-
rium processes of vertical quenching (green dotted line, assuming an eddy diffusion
Kzz value of 109 cm2 s−1) and vertical quenching with photochemistry (red line).
(Moses et al., 2011)

Fraine et al., 2014). Studies of brown dwarfs with effective temperatures spanning

the range found in exoplanets indicate a correlation between cloud characteristics

and temperature. L-dwarfs (Teff ≥1400 K) have cloudy atmospheres, while T-

dwarfs (Teff ≤1400 K) are distinguished by cloud-free atmospheres, with the in-

termediate transition region populated by objects thought to have patchy atmo-

spheres with alternating thin and thick cloud patches (e.g., Burrows et al., 2001;

Burgasser et al., 2002; Marley et al., 2010; Morley et al., 2012; Skemer et al., 2012;

Apai et al., 2013). By logical extension, clouds might also be present in varying

degrees in exoplanet atmospheres, which span temperatures where cloud particles,

like ZnS, are expected to condense out (Morley et al., 2012). However, due to the

difficulties of extrasolar observations, currently there is little indication for a similar

temperature trend in cloud effects as may be expected for condensate clouds.

To first order, radiative models assume that exoplanet emission occurs as a

result of local thermodynamic equilibrium (LTE), where the local pressure and

temperature governs each atmospheric level’s chemical reaction rates. However,
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non-LTE processes can significantly contribute to an exoplanet’s flux. Non-LTE

radiative mechanisms include fluorescence, whereby a layer of atmosphere emits at

a brightness temperature higher than its thermal temperature. The hot Jupiter

HD 189733b, for example, exhibits unexpectedly high emission (TB ∼ 2700 K) that

potentially indicates fluorescence from the CH4 ν3 band at 3.3 µm (Swain et al.,

2010; Thatte et al., 2010; Waldmann et al., 2012a), however these observations have

been challenged with followup, high-resolution data that do not detect similar emis-

sion (Mandell et al., 2011; Birkby et al., 2013). Similar CH4 fluorescence has been

observed on Titan (Kim et al., 2000), Jupiter (Drossart et al., 1999; Brown et al.,

2003), and Saturn (Drossart et al., 1999). The only platforms with the necessary in-

strumentation to spectrally resolve CH4 ν3 fluorescence are ground-based telescopes

that cover the near-IR L-band (∼3–4 µm), such as IRTF/SpeX. However, strong

telluric CH4 absorption at these wavelengths complicates measuring an exoplanet’s

emission to high-precision. Therefore there is a lack of spectral observations of the

L-band and as a result it is unclear if CH4 fluorescence occurs on exoplanets other

than HD 189733b.

1.2 Hot Jupiter Dynamics

Hot Jupiter observations can also characterize an exoplanet’s atmospheric dynam-

ics by resolving its longitudinally-varying brightness temperature and probe the

efficiency of day-to-night heat transport. Since hot Jupiters closely orbit their host

stars (a ≤ 0.1 AU), they are likely tidally locked (e.g., MacDonald, 1964; Peale,

1974; Guillot et al., 1996), so that one hemisphere always points towards its host

star while the other is in perpetual night. The resulting day-to-night temperature

contrast is predicted to drive fast ∼1 km/s winds1, that transfer heat from the day-

1These speeds are largely sub-sonic, as the speed of sound c in a typical hot Jupiter’s atmosphere

is c =
√

γkT
m

= 2.76 km/s, assuming a temperature T = 1400 K and a mean molecular mass m

dominated by H2; however, at lower altitudes where the mean molecular mass is higher, these

winds can achieve super-sonic speeds (e.g., models of HD 189733b predict super-sonic winds;

Dobbs-Dixon and Agol, 2013).
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side to the nightside hemisphere, decreasing the day-to-night temperature contrast,

and shift the substellar hotspot downwind (eastward) (e.g., Showman and Guillot,

2002; Cooper and Showman, 2005, 2006; Showman, 2008; Showman et al., 2008;

Langton and Laughlin, 2007, 2008; Dobbs-Dixon and Lin, 2008; Showman et al.,

2009).

The efficiency of hot Jupiter heat transport can be quantified by cal-

culating the fractional difference in flux between the day and night sides

(Perez-Becker and Showman, 2013):

Aobs = (fluxday − fluxnight)/fluxday. (1.1)

A general trend appears where the hotter the exoplanet, the larger the

disparity between the day and night side flux (i.e., Aobs→1; Fig. 1.2).

Perez-Becker and Showman (2013) suggest that for hotter exoplanets, the radiative

time constant τrad outpaces the wave travel timescale τwave; i.e., heat is radiated

away more quickly than it can be transported downwind to the night side. Follow-

ing the notation of Perez-Becker and Showman (2013), the radiative time constant

τrad, derived from the energy balance equation, is defined as:

τrad ∼
PcP

4gσTeq
3 (1.2)

where P is the pressure of the emitting layer, cP is the specific heat (= 7
2
R for an

ideal diatomic gas, which is true to first-order for the H2-dominated hot Jupiters),

g is the acceleration due to gravity, σ is the Stefan-Boltzmann constant, and Teq

is exoplanet’s equilibrium temperature. As noted in Perez-Becker and Showman

(2013), the wave travel timescale of a gravity wave, attained by comparing a typical

wave length to the gravity wave speed, for a typical hot Jupiter is:

τwave ∼
L

cgrav
∼ 0.3 Earth days (1.3)

where L is the horizontal length scale (for typical hot Jupiters, L = Rp ≈ 5.1×107 m)

and cgrav is the gravity wave speed (for typical hot Jupiters, cgrav = 2 km s−1). At

high temperatures, the radiative time constant τrad decreases, and heat is quickly
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Figure 1.2 The efficiency of heat transport Aobs (see Eqn. 1.1) as a function of an
exoplanet’s equilibrium temperature Teq. In general, the hotter the exoplanet the less
efficient the heat transport from the day to the night side (A→ 1) causing radiative
timescales to outpace advective timescales; absorbed heat is radiated before it can
be transported downwind. However, the radiative time constant is also directly
dependent upon the pressure P of the optically thick layer of atmosphere. As a
result the difference in Aobs for HD 189733b at different wavelengths is potentially
due to the probing of different pressure levels. (Perez-Becker and Showman, 2013)

radiated away. Conversely, at lower temperatures, the radiative time constant τrad

increases over the wave travel timescale τwave and heat is transported downwind more

quickly than it is radiated away, resulting in an eastward-shifted hot spot and the

nightside temperature approaching the dayside temperature. Thus, the efficiency

of heat transport is governed by the equilibrium temperature of the exoplanet, as

is indicated with current exoplanet observations (Fig. 1.2; Harrington et al., 2006;

Cowan et al., 2007; Knutson et al., 2007a; Cowan et al., 2012; Knutson et al., 2012;

Lewis et al., 2013; Maxted et al., 2013; Stevenson et al., 2014). However this pop-

ulation is small and not well sampled at lower equilibrium temperatures with high

precision.

1.3 Observing Hot Jupiters

Over 1060 of the confirmed exoplanets periodically transit the disk of their host

star as viewed from Earth (Fig. 1.3). Of these “transiting” exoplanets, ∼150 are

hot Jupiters. During primary transit, when the planet passes in front of the host
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star, the transmission of sunlight through the planet’s atmosphere at the terminator

produces spectroscopic absorption features. During secondary eclipse, the planet’s

dayside thermal emission can be measured when it passes behind the star. These

two techniques complement each other. The former is sensitive to the planet’s

composition and radius, which ultimately depends on its internal structure and

vertical opacity profile. The latter is sensitive to the composition and the thermal

profile. An exoplanet can also be observed continuously over its entire orbital period.

Such “full-orbit phase curve” observations measure an exoplanet’s longitudinally-

varying brightness temperature and constrain its dynamical transfer of heat from

the day to the night side. Thus, measurements of an exoplanet’s primary transit,

secondary eclipse, and phase curve are necessary to fully characterize its atmosphere.

Primary transit observations include a fixed component of the solid disk of the

planet and a wavelength-dependent component that is absorbed or scattered by the

atmosphere (using the notation of Griffith, 2014):

A =
πR2

p

πR2
s

+
∫ ∞

Rp

2πR(1− Tr(R))dR

πR2
s

(1.4)

where Rp is the radius of the planet at a reference pressure (where the planet is

opaque, such as 10 bars), Rs is the radius of the host star, Tr(R) is the atmospheric

transmission of light along a chord a distance R from the center of the planet and

is defined:

Tr(R) = exp
(

−
∫

s
N(r(s))κe(r(s))ds

)

(1.5)

where r(s) is the distance to the center of the planet, N(r(s)) is the density of

the atmosphere at the distance r(s), and κe is the extinction coefficient at r(s).

Primary transit observations generally probe the ∼1 bar–1 millibar altitude region

of the exoplanet’s day-night terminator. These measurements are directly sensitive

to the column depth at the exoplanet’s limb of individual molecular and atomic

species and are only weakly dependent on temperature (e.g., Griffith, 2014). A

typical hot Jupiter (Rp = 1RJupiter) orbiting a solar-type star (Rs = 1RSun) has

primary transit depth of 1%.
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The most limiting aspect in the analysis of existing exoplanet primary transit

transmission observations is the degeneracies in the radius as a function of atmo-

spheric pressure and composition (Tinetti et al., 2010; Benneke and Seager, 2012,

2013; Griffith, 2014). The derived pressure level at which the transit radii ob-

servations originates depends on the assumed abundance of molecular and atomic

species in the atmosphere (Eqn. 1.4). Molecular abundances derived from pri-

mary transit spectra are constrained only to ∼3–5 orders of magnitude (e.g.,

Madhusudhan and Seager, 2009). The derived abundance is highly dependent on

the exoplanet’s radius: a ∼1% difference in the estimated planetary radius of a

1000 K hot Jupiter at the ∼10 bar pressure level can result in variations in molec-

ular abundances of two orders of magnitude or more, depending on the curve of

growth regime (Griffith, 2014). Essentially, the solution set is degenerate; model

atmospheres can have either a large radius and low gas mixing ratio or vice versa

and block the host star’s light equally well at low resolution observations. Therefore,

constraints on a planet’s radius are necessary to correctly interpret primary transit

spectra, which measure how the planet’s radius varies differentially with wavelength

due to molecular absorption.

One method to constrain a planet’s radius is to measure its primary transit

depth at wavelengths (0.35–0.55µm) that lie outside the strongest molecular gas

absorption signatures (Griffith, 2014). Here, the atmospheric opacity is dominated

by H2 Rayleigh scattering and, if present, clouds. Thus, one can disentangle the

degeneracy between the physical radius and the atmospheric composition (Eqn. 1.4)

of an exoplanet by probing these “clear” spectral regions in which one can confidently

assume absorption due to H2 alone.

Observations during secondary eclipse, on the other hand, measure an exo-

planet’s dayside thermal emission. Thus, the secondary eclipse depth δ is:

1− δ =
Fp + Fs

Fp + Fs
−

Fp

Fp + Fs
= 1−

Fp

Fp + Fs

δ =
Fp

Fp + Fs
(1.6)

where Fp is the flux of the planet and Fs is the flux of the host star. Since the flux of
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1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a tra

secondary eclipse

primary transit

Figure 1.3 Demonstration of a transiting exoplanet. During primary transit, both
the optically-thick portion of the exoplanet as well an absorbing layer of its atmo-
sphere blocks the light of the host star. The secondary eclipse, when the planet
passes behind its host star, indicates the relative brightness between the exoplanet’s
dayside average and its host star. Observations taken between primary transit and
secondary eclipse, the planet’s phase curve, probe the exoplanet’s longitudinally-
varying brightness temperature and therefore its day-to-night temperature contrast.
(Adapted from Winn, 2010)

a planet is generally much less than the flux of the star (Fp ≈ 0.001Fs), Equation 1.6

can be approximated and then expanded with the Planck function B:

δ =
Fp

Fs
=
Bp

Bs

Ap

As
(1.7)

where Bp and Bs are the blackbody emission of the planet and star and Ap and

As are the surface areas of the planet and star, respectively. Secondary eclipse

observations probe the exoplanet’s dayside composition and thermal profile. Molec-

ular abundances are at best constrained to a few orders of magnitude by secondary

eclipse observations (Line et al., 2014) due to the lack of complete spectral coverage

and observational uncertainties.

Full-orbit phase curve observations yield longitudinal flux variations, which can

then be transformed into a longitudinal temperature profile (Cowan and Agol, 2008)

to measure the day-to-night redistribution of heat. At best, the phase curve am-

plitude is equal to an exoplanet’s secondary eclipse signal (∼0.1%), assuming com-

pletely inefficient heat transport. Such observations directly constrain the nature of
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Figure 1.4 HD 189733b’s 4.5 µm full-orbit phase curve as observed with
Spitzer/IRAC2. The curvature between primary transit and secondary eclipse indi-
cates the brightness temperature of this hot Jupiter, suggesting an eastward-suited
hot spot due to intense west-east winds. (Knutson et al., 2012)

the atmospheric circulation patterns on these planets. For example, Knutson et al.

(2012) observed HD 189733b continuously throughout its entire 2.22 day orbit

with Spitzer/IRAC to map out its longitudinally-varying brightness temperature

(Fig. 1.4). They find that the exoplanet’s peak brightness temperature occurs just

prior to secondary eclipse, suggesting that stellar insolation absorbed at the sub-

stellar point is shifted downwind (eastward) by day-to-night winds before it is re-

radiated in the IR. Since these and other full-orbit phase curve observations (six

additional planets, see Fig. 1.2 and: Harrington et al., 2006; Cowan et al., 2007;

Knutson et al., 2007a; Cowan et al., 2012; Lewis et al., 2013; Maxted et al., 2013;

Stevenson et al., 2014) measure the redistribution of heat around the surface of an

exoplanet by probing the day-night temperature contrast, they provide insight on

how stellar insolation affects hot Jupiter dynamics. However, there is a lack of high-

precision measurements of heat transport efficiency at lower equilibrium tempera-

tures, requiring additional full-orbit phase curve observations of a cooler exoplanet

with a bright host star.
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1.4 Interpreting Transit Data

Transiting exoplanet data are interpreted by fitting radiative transfer models that

simulate how the exoplanet’s atmosphere absorbs or emits light at various wave-

lengths. The absorption or emission of light is described by the general radiative

transfer equation:

dIλ
dτ

= −Iλ + Sλ (1.8)

for which the general solution is:

Iλ(τλ) = Iλ(0)e
−τ +

∫ s

0
Sλe

−(τ−τ ′)dτ ′, (1.9)

where Sλ is the source function and τ , the opacity of the absorber, is defined over a

length from 0 to s as:

τ =
∫ s

0
κλρds

′ (1.10)

where κλ is the extinction coefficient at a specific wavelength and ρ is the density of

the absorber. Most studies assume plane parallel geometry, where the atmosphere is

divided into multiple flat layers. It is assumed that the source function is constant

within each level, allowing for the simplification of Equation 1.9 to:

Iλ(τλ) = Iλ(0)e
−τ + Sλ(1− e−τλ). (1.11)

Assuming local thermodynamic equilibrium (LTE), where the local pressure and

temperature governs each level’s chemical reaction rates, a specific pressure level

emits radiation according to the Planck function at the temperature of that level.

Therefore, the source function S becomes the Planck function B (assuming that

scattering is negligible, which is true in the infrared):

Iλ(τλ) = Iλ(0)e
−τ +Bλ(1− e−τλ). (1.12)

While most studies assume LTE emission as discussed here, it is not clear whether

non-LTE emission is also present, as indicated by the large 3.3 µm emission feature in

the spectra of HD 189733b (Swain et al., 2010; Thatte et al., 2010; Waldmann et al.,

2012a).
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1.5 Thesis Focus

Transiting hot Jupiters offer the opportunity to observationally measure an exo-

planet’s chemistry and dynamics via its transmission and emission spectra and phase

curve. However, their transit signal (∼0.1–1%) is often buried below larger system-

atic noise sources (∼40–60%) due to, for example, airmass variations, telescope

jitter, or detector non-uniformities. Such systematic errors manifest as large uncer-

tainties, which are further exacerbated by lack of complete wavelength coverage and

potential host star variability. As a result, exoplanet atmospheres suffer from large

degeneracies in their composition, thermal structure, and heat transfer. This thesis

explores methods for treating several sources of uncertainty from both ground- and

space-based data. These studies focus on two hot Jupiters, HD 209458b and XO-2b.

HD 209458b is one of the brightest exoplanet systems with a large planet-to-star

radius ratio, providing the potential for high SNR measurements. However, its abun-

dances, thermal structure, and dynamical heat transport are not well constrained

due to large observational uncertainties and lack of complete spectral coverage. XO-

2b is another ideal target because its host star, XO-2N, has a binary companion,

XO-2S, of similar brightness and spectral type. Thus, when simultaneously observed

with XO-2N, XO-2S can characterize shared systematics between itself and XO-2N,

allowing for their removal.

HD 209458b is one of the brightest (V-mag=7.65), most extensively mea-

sured, and best understood transiting extrasolar planets. This hot Jupiter (M =

0.69MJupiter, R = 1.38RJupiter, P = 3.52 days) has been investigated with UV to

IR transmission as well as emission spectroscopy. Despite the wealth of data, lit-

tle is known about the composition, thermal structure, and dynamics of this and

thus all other exoplanets. Prior observations indicate that its atmosphere contains

CO, H2O, CO2 and CH4, largely consistent with thermochemical equilibrium pre-

dictions (Swain et al., 2009; Madhusudhan and Seager, 2009; Snellen et al., 2010;

Moses et al., 2011; Line et al., 2014). Yet its molecular abundances are constrained

to only a few orders of magnitude (e.g., Line et al., 2014), primarily due to a lack
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of spectral coverage and large uncertainties on existent data. Its dynamics are sim-

ilarly unconstrained as there is only an upper limit measurement of HD 209458b’s

day-to-night temperature contrast, due to lack of precision (Cowan et al., 2007).

In Chapter 2, the wavelength coverage of HD 209458b is expanded into the

L-band with IRTF/SpeX to constrain its CH4 abundance and probe its emission

mechanisms. Also demonstrated here is the first use of Palomar/TripleSpec for tran-

siting exoplanet observations via confirmation of a previous Hubble/Near Infrared

Camera and Multi-Object Spectrometer (NICMOS) H- and K-band measurements

of HD 209458b’s secondary eclipse emission. Systematic errors are removed from

both datasets via a normalization routine or a principal component analysis, and

by binning neighboring wavelength channels in Fourier-space.

In chapter 3, Spitzer/IRAC2 full-orbit phase curve observations at 4.5 µm pro-

vides a strong detection of HD 209458b’s heat transport. Full-orbit phase curve

measurements of HD 209458b probe the heat transport of the under-sampled inter-

mediate temperature exoplanets (THD 209 ≈ 1400 K) (Perez-Becker and Showman,

2013). However, the raw flux recorded by Spitzer/IRAC is highly correlated with

the sub-pixel position of the target on the detector. A pixel-mapping method

traces the efficiency across each pixel and eliminate this effect in order to resolve

HD 209458b’s full-orbit phase curve.

Both of these studies of HD 209458b are “single-object” spectroscopy and pho-

tometry, where only the target host star’s flux is measured. Assumptions about the

astrophysical signal must be made in order to identify and remove systematic errors.

Alternatively, in Chapter 4, a simultaneously sampled comparison star in the field of

view is used to characterize and remove shared systematic errors between itself and

the exoplanet’s host star (e.g., airmass variations). XO-2b is an ideal target for such

a study as it is not only relatively bright (V -mag=11.25; Benavides et al., 2010) with

a large planet-to-star contrast ratio (Rp/Rs=0.10304; Crouzet et al., 2012), but also

has a nearby binary companion star with similar brightness and spectral type.

The University of Arizona’s 61” Kuiper telescope with the Mont4k CCD is an op-

timal platform for multi-object photometry due to its large 9.7’×9.7’ field of view,
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which facilitates comparison star selection. This telescope is also largely under-

subscribed, allowing for multiple observations to demonstrate reproducability. In

addition, Kuiper/Mont4k observations at the U and B photometric bands measure

an exoplanet’s Rayleigh scattering slope to high-precision, placing an upper limit

on its optically-thick radius, and search for the existence of clouds.

In conclusion, by applying additional reduction techniques, one can overcome the

limitations of these platforms to reduce the noise sources to within a few times the

photon noise limit. Thus Spitzer/IRAC, IRTF/SpeX, Palomar/TripleSpec, and

Kuiper/Mont4k are capable of the high precision necessary to observe transiting

exoplanets.
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CHAPTER 2

Ground-based Single-slit Spectrometry: IRTF and Palomar

2.1 Introduction

Space-based telescopes enable high-precision measurements of transiting exoplanets

(e.g., Knutson et al., 2008; Swain et al., 2008; Crossfield et al., 2012b; Zellem et al.,

2014b). However, these platforms have limited time and instrumentation compared

to ground-based capabilities. Yet, ground-based platforms are plagued by atmo-

spheric attenuation and systematic errors which increase a dataset’s variance, mak-

ing it difficult to extract an exoplanetary signal.

This project investigates the radiative processes of exoplanetary atmospheres

with the first absolute L-band (∼3–4 µm) spectroscopic measurements of a tran-

siting exoplanet other than the hot Jupiter HD 189733b. The 4 spectra recorded

of HD 189733b reveal a bright (Tbright ≈ 2750 K, compared with HD 189733b’s

Teff ≈ 1200 K) emission source at 3.3 µm with a wavelength and shape that

are consistent with the P, Q, and R branches of the CH4 ν3 vibrational-rotational

band (Swain et al., 2010; Waldmann et al., 2012a). This feature is also observed in

the spectra of Titan (Kim et al., 2000), Jupiter (Drossart et al., 1999; Brown et al.,

2003), and Saturn (Drossart et al., 1999), where its large flux is explained by fluores-

cence. Since HD 209458b (Teff ≈ 1450 K) is hotter than HD 189733b, it has a com-

parably lower CH4 content, according to thermochemical equilibrium (Moses et al.,

2011), and potentially no bright L-band feature. We search here for a similar fea-

ture, or lack thereof, in HD 209458b’s L-band spectrum to further investigate the

radiative mechanisms of exoplanetary atmospheres.

Here we investigate the potential of ground-based measurements with NASA’s

3.0 meter Infrared Telescope Facility (IRTF) with the SpeX spectrometer and the

5.08 meter Hale telescope with the TripleSpec spectrometer at Palomar Observatory.
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Our observations of the bright exoplanetary system HD 209458b span the infrared

H, K, and L-bands and include the first transiting exoplanet observations with

Palomar/TripleSpec. These wavelengths have also been been exposed by the Hubble

and Spitzer space telescopes, allowing us to test our own methodologies for treating

the extraction of the planetary signal from atmospheric effects and systematic errors.

Our ultimate goal is demonstrating the capability of both platforms for near-IR

transiting exoplanet spectroscopy.

2.2 Observations and Data Reduction

We observed HD 209458b’s emission with the 3.0 meter NASA Infrared Telescope

Facility (IRTF) at Mauna Kea Observatory and SpeX (Rayner et al., 2003), a near-

IR spectrometer with a wavelength coverage of 2.0–4.2 µm (K and L-bands) and a

resolution of R = 2500, and with the 200 inch (5.08 meter) Hale Telescope at Palomar

Observatory and TripleSpec, a near-IR spectrometer with a wavelength coverage of

1.0–2.4 µm (J, H, and K-bands) and a resolution of R = 2500–2700. While low-

resolution spectroscopic observations are incapable of observing the fine scale struc-

ture of the spectral lines, the SpeX and TripleSpec spectral channels can be binned to

increase the signal-to-noise ratio (SNR). Thus IRTF/SpeX and Palomar/TripleSpec

can observe the broad spectral behavior of an exoplanet such as HD 209458b, allow-

ing them to complement their high-resolution counterparts (e.g., the R = 100,000

VLT/CRIRES). The capability of IRTF/SpeX for exoplanet spectroscopic observa-

tions was verified by the observations of Swain et al. (2010), who binned spectral

bands unaffected by terrestrial absorption in Fourier-space to reduce ground-based

systematic errors and reproduce the Hubble K-band spectra of HD 189733b. Their

results were confirmed by Thatte et al. (2010) using a method involving a princi-

pal component analysis (PCA) and reproduced by Waldmann et al. (2012a), de-

spite the variable humidity between their four nights of observations. Others (e.g.,

Richardson et al., 2003; Crossfield et al., 2012a; Danielski et al., 2014) have also

used IRTF/SpeX for additional eclipsing exoplanet observations. The capability
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of Palomar/TripleSpec for transiting exoplanet spectroscopy has yet to be demon-

strated. The wavelengths covered by SpeX and TripleSpec are also partly covered by

previous Hubble/NICMOS (Swain et al., 2009) and Spitzer/IRAC1 (Knutson et al.,

2008; Diamond-Lowe et al., 2014) measurements of HD 209458b’s emission, thereby

providing important verification for our difficult ground-based observations.

2.2.1 IRTF/SpeX

We observed HD 209458b’s 2011 September 9 (UT) secondary eclipse for ∼8 hours,

resulting in 1210 exposures of 10 seconds each in an ABBA nodding sequence. Sys-

tematic errors can be introduced by telescope jitter caused by, for example, slewing

to a comparison or check star or adjusting the telescope’s focus. Therefore, to limit

the introduction of additional systematics, we set the focus only once at the be-

ginning of the night and stayed on the target throughout the entire night. Error

from seeing- and pointing-induced signal loss is minimized by a 1.6” wide slit; the

seeing was at best 0.47” and at worst 1.51”. The raw images are dark-subtracted,

flat-fielded, and wavelength-calibrated. The spectrum is extracted from each image

using the Spextool reduction package for IDL (Cushing et al., 2004; Vacca et al.,

2003), which divides by the flat field, to account for pixel-to-pixel detector varia-

tions, fits a trace to echelle spectra on the detector, subtracts the background, per-

forms a wavelength calibration, and then extracts HD 209458’s wavelength-varying

flux.

For ground-based observations, typical sources of systematic errors (red noise)

include changing airmass as the target rises and sets, telescope jitter, or mirror

flexure. Such errors can cause data scatter on the order of ∼10–20% (but sometimes

even as large as ∼40–60%), which dwarf HD 209458b’s expected secondary eclipse

depth of ≤0.2% (Figure 2.1). These non-Gaussian error sources are reflected in the

raw flux histogram (Figure 2.2 Top) and must be removed or reduced to detect

the small planetary signal. To minimize error propagation from telluric absorption

lines, we select wavelength channels that are not close to the band edges: 2–2.38 µm,

corresponding to 900 spectral channels in the K-band, and 3–3.99 µm, corresponding
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Figure 2.1 A sample IRTF/SpeX raw lightcurve extracted from one wavelength
channel (2.0201 µm) of 900 total wavelength channels. At this point, systematic
errors cause a variance of ∼10 %, preventing the detection of HD 209458b’s smaller
≤ 0.2 % eclipse signal (horizontal lines indicate the predicted ingress and egress
eclipse times). Nod A (red squares) and nod B (blue circles) are also plagued by
their own distinct set of systematic errors. Therefore we run each nod separately
through the reduction and combined them at the very end.

to 1400 spectral channels in the L-band. All observations at comparably higher

airmass values (≥ 1.65; corresponding to a phase ≥ 0.55 in Figure 2.1) and just

after the telescope flipped the pier (0.5175 ≤ phase ≤ 0.5215) were also removed.

As with previous IRTF/SpeX observations (e.g., Swain et al., 2010), the time-

varying flux (Figure 2.1) indicates that the A and B nods are differently affected

by systematic errors (e.g., due to varying pixel efficiencies on different parts of the

detector). Therefore we separate the two nods, reduce each set independently to

eliminate nod-specific systematics, and then merge them at the end. Anomalies,

such as cosmic rays, are removed with a two-dimensional Wiener filter. This filter

estimates the mean and variance for each pixel from its 8 nearest neighbors and

replaces an outlying pixel with the mean of its surrounding pixels.

As discussed in detail below, our reduction follows these steps: [1] normalize the

data to reduce the variance due to systematic errors, [2] fit the time-varying flux
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Figure 2.2 Top: Histogram of the nod A normalized raw K and L-band IRTF/SpeX
flux. Note not only the large variance but also the non-symmetrical distribution
of the fluxes due to systematic errors (red noise). Bottom: Histogram of the nor-
malized K and L-band flux at the end of the entire reduction for nod A. A normal
symmetrical distribution is restored and the overall variance is reduced by 1.6 orders
of magnitude.

to an exponential curve to correct for airmass, [3] remove outliers, [4] enhance the

eclipse signal and reduce the signal due to noise by binning data in Fourier space,

and [5] flatten residual curvature.

This reduction is based upon and uses the same assumptions of the “self-

coherence” methods of Swain et al. (2010) and Waldmann et al. (2012a) that (1)

the systematic errors are large with respect to signal, (2) the systematic errors are

based either on correlations in wavelength or time, and (3) the difference between

eclipse depths in adjacent wavelength channels is small.

Systematics can affect each spectrum differently, causing individual spectra to

have unique brightness variations which manifest as intra-spectral variations. To

reduce these variations, we divide the data into blocks of 100 spectral channels and

then normalize each spectrum’s time-varying flux by the mean of its bin’s time-



30

varying flux:

F j
i =

Sj
i

Savg,i

(2.1)

where

Savg,i =

∑n
j=1 S

j
i

n
(2.2)

and i is the time index, j is the wavelength channel, and n is the number of wave-

length channels in the block (n = 100). This normalization divides out wavelength-

dependent and time-dependent errors common among the wavelength channels in

each bin (referred to as “common-mode” errors in Swain et al., 2010). Since the

eclipse signal is too small to be detected at this point due to the low SNR of each

wavelength channel, only systematic errors are removed and not the commonly-

shared eclipse signal.

At this point, airmass variations dominate the data. In addition, as seen in

Figure 2.1, the data have a different shape before and after HD 209458 reaches

the zenith. This phenomenon is due to the telescope settling throughout the night.

Therefore each half of the lightcurve (pre- and post-zenith) is fit with an exponential

airmass correction:

aj · ebj ·airmassi = F j
i (2.3)

where the airmass is a function of time i and j is the wavelength channel index,

such that each half of the time series (for each wavelength channel) is individually

corrected via the equation:

Iji =
F j
i

aj · ebj ·airmassi
(2.4)

where Iji is each individual airmass-corrected channel j at time i.

While this correction flattens the lightcurves, some outliers persist. We sta-

tistically identify these outliers with Chauvenet’s criterion: if a datapoint from a

population of n datapoints has a Gaussian probability less than 1
2n , then this data-

point is an outlier. We use Chauvenet’s criterion in a running boxcar with a width n
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= 10 on each lightcurve’s time-varying flux and replace any outliers with the mean

of the n datapoints.

However at this point the eclipse signal is still too small to be detected. This

low frequency eclipse signal is enhanced by taking the geometric mean of each block

in Fourier space (Swain et al., 2010):

F k
i = IFT

[

( n
∏

j=1

FT (Iji )
)

1

n

]

(2.5)

where I is the channel’s flux, i is the time index, j is the wavelength channel index,

FT is the Fourier transform (which is simply a combination of sines and cosines), n

is the number of channels per bin (n = 100), k is the new bin index (k = 1 − 9 for

the K-band; k = 10− 23 for the L-band), and IFT is the inverse Fourier transform.

This method converts the data from time-space to frequency-space then enhances

the eclipse signal by taking the geometric mean of 100 spectral channels to form a

new wavelength bin. All modes are kept and then this bin is then converted back

from frequency- to time-space with the inverse Fourier transform IFT . The end

result is 9 new K-band spectral bins, due to binning 900 spectral channels by 100,

and 14 new L-band spectral bins, due to binning 1400 spectral channels by 100.

To first order, a secondary eclipse signal is a square pulse, which is a sinc wave

in Fourier space. More accurately, the secondary eclipse signal (taking into account

the sloped shape from first to second and third to fourth contacts) is many square

pulses overlaid, and therefore in Fourier space are many overlaid sinc waves. Thus

the shape of the secondary eclipse, particularly during ingress (from first to second

contact) and egress (from third to fourth contact), is preserved after transforming

it to frequency-space with the Fourier transform and then back to time-space using

the inverse Fourier transform (Figure 2.3). The shape of the secondary eclipse is

maintained even when binning multiple light curves together with white noise with

a SNR = 10 (Figs. 2.4 and 2.5).

However some residual systematic errors (e.g., airmass and possibly some curva-

ture introduced by the Fourier transform) remain, as indicated by residual curvature

in the lightcurves. In order to correct for this curvature, we fit various amounts of
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Figure 2.3 Simulation of transforming a model secondary eclipse signal into fre-
quency space with the Fourier transform and then back into time space with the
inverse Fourier transform. Note how the shape of the original secondary eclipse
signal (blue) is maintained after the transform (red dashed line).
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Figure 2.4 Simulation of transforming into Fourier-space, then binning with the
geometric mean, and then transforming back into time-space 100 model secondary
eclipses with the same eclipse depths and white noise with a SNR = 10. Note that
the secondary eclipse shape, particularly during ingress and egress, is maintained.
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Figure 2.5 Same as Figure 2.4, except the model secondary eclipses have vary-
ing depths to more accurately simulate a spectrum. The depth of the binned
lightcurve (red dashed line) agrees with the average eclipse depth of the 100 sim-
ulated lightcurves (multi-colored solid lines) and the eclipse shape is maintained,
confirming the validity of Equation 2.5.

baseline (out-of-eclipse points) to a second degree polynomial. Since the amount of

pre-eclipse data is limited due to the eclipse ingress being comparatively close to

sunset (Figure 2.1), we vary the pre-eclipse baseline only up to half its length and

allow the total number of baseline points to vary as long as their number is always

greater than or equal to the number of in-eclipse (second to third contact) points.

As a result, 3783 different amounts of baseline per lightcurve are fit to a second

degree polynomial. The optimal amount of baseline is the one that best minimizes

the out-of-eclipse baseline scatter. Its corresponding second-degree polynomial fit is

then interpolated to the in-eclipse data to flatten the entire lightcurve. The eclipse

depth is then extracted from the lightcurve by fitting a Mandel and Agol (2002)

model lightcurve using the physical parameters of Rstar = 1.146R⊙ (Brown et al.,

2001), Rplanet = 1.38RJupiter, orbital inclination of 86.59◦, semimajor axis of 0.04747

AU (Southworth, 2010), orbital period of 3.524746 days (Torres et al., 2008), and

period epoch of 2455216.405640 BJD UTC (Zellem et al., 2014b).

This baseline fitting routine can potentially introduce additional uncertainty to
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the derived eclipse depth. We estimate this error with a Monte Carlo simulation

of the baseline fitting routine with 3.458 million lightcurves per original lightcurve,

generating 3.458 million eclipse depths. This Monte Carlo “bootstrap” method

simulates the effect of noise by randomly varying each datapoint within its error bars

and then re-fits the eclipse depth. The standard deviation of all of these simulated

eclipse depths reflects the uncertainty of the final lightcurves’ eclipse depths and, as

a result, the calculated planet-to-star flux ratio.

The flux ratios of the planet to the star (Fplanet/Fstar) are calculated from the

eclipse depths of the final reduced lightcurves (Figures 2.6 and 2.7) and then used to

construct the low resolution emission spectrum of HD 209458b (Figures 2.8 and 2.9).

The 1σ errorbars for each spectral point are calculated from the root-sum-square of

the standard deviations of the in- and out-of-eclipse data points as well as the error

introduced from the baseline fit. The uncertainty of the eclipse depth, and therefore

the planet-to-star flux ratio (Fplanet/Fstar), is due to not only errors introduced by

the baseline fitting routine but also the scatter in the in- and out-of-eclipse data.

Therefore, we conservatively estimate the 1σ errorbars on our eclipse depths by

adding in quadrature the uncertainties from the in-eclispe data, the out-of-eclipse

data, and then the error introduced by the baseline fit.

2.2.2 Palomar/TripleSpec

We recorded HD 209458b’s 2010 September 4 (UT) secondary eclipse in the near-IR

J, H, and K-bands with Palomar/TripleSpec. We observed HD 209458 for ∼4.5

hours with an ABBA nodding sequence, taking 396 exposures of 20 or 23 seconds

and coadding 2 frames. The night was not optimal: the seeing was at best 1.2” and

at worst 1.5”, causing some (≤22%) of the target to be cut off by the 1” wide slit and

induce variance in the dataset, as indicated in the raw flux histogram (Figure 2.10

Top) and raw lightcurves (Figure 2.11).

Standard methods are adopted to derive the initial lightcurve (Figure 2.11). The

raw image is first dark-subtracted, flat-fielded, and normalized to an exposure time

of 1 second. TripleSpec routines (Muirhead, 2011) wavelength-calibrate each image
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Figure 2.6 The reduced IRTF/SpeX K-band lightcurves (both nods combined) with
the data binned in time by 50 datapoints for clarity. The red line is a model
lightcurve fit to the data. The dashed lines indicate the 1σ uncertainty in our
eclipse depth measurements.
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Figure 2.7 The reduced IRTF/SpeX L-band lightcurves (both nods combined), fol-
lowing the protocol of Figure 2.6.
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Figure 2.8 Our final IRTF/SpeX K-band spectrum (blue circles) compared to the
Swain et al. (2009) Hubble/NICMOS spectrum (red squares); please note that we
use here a statically independent subset of the published Swain et al. (2009) data.
Our data agrees with the Hubble data points, as indicated by the fact that nearly
all of our 1σ error bars overlap the Swain et al. (2009) datapoints, reinforcing that
IRTF/SpeX has great potential for eclipsing exoplanet spectroscopy.
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Figure 2.9 Our final IRTF/SpeX L-band spectrum (blue circles) binned to the
Spitzer/IRAC 3.6 µm bandpass (red diamond). The binned IRTF/SpeX data agrees
to 1σ with a previous (Knutson et al., 2008) Spitzer/IRAC1 emission measure-
ment (black square) and to 1.5σ with a new Spitzer/IRAC1 emission measurement
(Diamond-Lowe et al., 2014) of HD 209458b (magenta cross), suggesting the validity
of the IRTF/SpeX data. In addition, our binned IRTF/SpeX L-band point achieves
a precision 4.94× the precision of Spitzer.
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Table 2.1. IRTF/SpeX Measurements of HD 209458b’s Emission

Wavelength Fplanet/Fstar Uncertainty Photon Noise σ/σphoton

(µm) (×103) σ (×103) σphoton (×103)

2.0401 0.2652 0.2522 0.0391 6.4484

2.0803 0.0548 0.1439 0.0354 4.0666

2.1205 0.0921 0.0951 0.0328 2.9012

2.1607 0.1592 0.1038 0.0330 3.1503

2.2027 0.1880 0.1710 0.0349 4.8998

2.2474 0.0688 0.1241 0.0349 3.5533

2.2921 0.0593 0.1547 0.0345 4.4842

2.3368 0.2111 0.1886 0.0350 5.3823

2.3815 0.2688 0.3400 0.0363 9.3771

3.0287 0.9747 0.9976 0.0650 15.3561

3.0865 0.5286 1.0381 0.0641 16.1913

3.1478 1.1756 0.8403 0.0606 13.8753

3.2150 2.5665 1.4820 0.0697 21.2674

3.2839 2.0470 1.8989 0.0673 28.2092

3.3558 1.7134 1.2129 0.0685 17.6953

3.4228 1.9494 1.0108 0.0729 13.8590

3.4901 0.3035 0.3274 0.0785 4.1694

3.5576 0.3257 0.3797 0.0661 5.7405

3.6258 0.4718 0.3734 0.0564 6.6184

3.7035 0.2078 0.8235 0.0602 13.6899

3.7845 0.2703 0.4291 0.0587 7.3109

3.8652 1.4744 1.0290 0.0617 16.6830

3.9457 0.1677 0.5896 0.0647 9.1174
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Figure 2.10 Top: Histogram of the normalized raw H and K-band Palo-
mar/TripleSpec flux. Note not only the large variance but also the non-Gaussian
distribution of the fluxes. The secondary population centered on a flux of ∼0.25
corresponds to the autoguider failing ∼2.5 hours post-eclipse. Bottom: Histogram
of the normalized H and K-band flux at the end of the entire reduction. A more
Gaussian-like distribution is restored, suggesting the removal of non-Gaussian red
noise, and the overall variance is reduced by 2.8 orders of magnitude.
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Figure 2.11 A sample raw, normalized Palomar/TripleSpec lightcurve extracted from
one wavelength channel (1.6 µm) out of 396 total wavelength channels. At this
point, systematic errors cause a variance of ∼10–20%, preventing the detection of
the smaller (≤0.2%) eclipse signal. Nod A (blue circles) and nod B (red squares) are
plagued by their own distinct set of systematic errors, preventing their combination.
We therefore use a principal component analysis to reduce the systematic errors by
2.8 orders of magnitude (Figure 2.10), allowing us to then combine the nods. The
drop in flux at a phase of 0.55 (∼2.5 hours post-eclipse) is due to autoguider failure.
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and extract each spectral order. A Gaussian is fit across the dispersion axis to

determine the average horizontal location of the spectral order on the detector and

its associated full-width-half-maximum (FWHM). The flux per wavelength channel

includes the sum of the pixels in a column along the dispersion axis within 3×FWHM

of the order’s mean horizontal position. The five spectral orders and the two nods are

initially kept separate; systematics are eliminated from each nod and order before

they are combined together to better treat their specific systematic errors.

To minimize telluric absorption lines from propagating errors throughout the

data, we select wavelengths far from the band edges, i.e. 1.55–1.75 µm for the H-

band and 2.1–2.46 µm for the K-band, which correspond to 500 and 400 spectral

channels, respectively. Due to high telluric absorption at the band edges, the J-band

does not have enough spectral channels at relatively higher transmission to resolve

the eclipse signal.

The eclipse signal of HD 209458b is not immediately discernible because of

the variance from systematic errors. To reduce intra-spectral variations, following

Swain et al. (2010), each spectrum is normalized by its mean number of counts over

all channels (Equations 2.1 and 2.2). Each spectrum indicates a slight wavelength

shift on the CCD which is corrected by identifying a relatively sharp and bright

spectral feature, fitting it with a 4th degree polynomial, and moving it to match up

with a mode reference position. Anomalies, such as cosmic rays, are removed with

a two-dimensional Wiener filter.

The spectra in each nod are still plagued by separate, distinct errors which pre-

vent their combination. Previous tests of combining the nods and proceeding with

the Swain et al. (2010) and Waldmann et al. (2012a) reductions (normalizing the

spectra, binning in Fourier-space, etc.; see Section 2.2.1) without removing these

systematic errors result in error bars three times larger than their current size,

preventing us from achieving the sensitivity necessary to confirm that the Palo-

mar/TripleSpec data agrees with previous Hubble/NICMOS measurements. To re-

duce these errors a principal component analysis (PCA) is conducted to calculate

a new set of orthogonal basis vectors that minimizes the amount of variance in
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a dataset. The PCA analysis produces a new set of components where the first

principal component corresponds to a new basis vector containing the most vari-

ance, the second principal component contains the second most variance, and so

on. Assuming that the eclipse signal is much smaller than sources of error (typ-

ically, systematic errors account for ∼10–20% variance while the eclipse signal is

only ≤0.2%), the first principal component should contain most of the systematic

errors, which are dominated by airmass extinction and seeing-induced signal loss.

The eclipse signal would then be present in higher order components. Our PCA

differs from that used by Thatte et al. (2010) to recover the secondary eclipse of

HD 189733b: while they implement PCA to extract the common eclipse signal from

multiple wavelength channels, we use a PCA to find and remove systematic errors

common among wavelength channels to clean the data and uncover the underlying

eclipse signal.

However PCAs have two caveats: (1) while errors are likely to be contained in

the first principal component, they can leak into higher orders, and (2) it is likely

that multiple components contain the eclipse signal. Oftentimes the signal and noise

are mixed across components as they can have similar amplitudes. We observe a

secondary eclipse of an exoplanet on a night with higher seeing and a passing cloud,

resulting in large scatter which dwarfs the much smaller eclipse signal. Therefore we

assume that the principal component contains most of the noise due to systematic

errors and none of the eclipse signal. Since the eclipse signal could be mistakenly

removed by eliminating too many components in an attempt to remove the sys-

tematic error, only the first principal component is removed. However systematic

errors likely leak into the higher (≥2) orders, which we keep, requiring further data

reduction in order to resolve the eclipse signal. To confirm that this PCA procedure

does not modify or corrupt the eclipse signal itself, we confirm out final spectra with

previous Hubble/NICMOS observations (Swain et al., 2009).

The time-varying flux data is prepared for the PCA by first grouping each nod’s

data into bins of 5 spectral channels. While other bin sizes were tested, this one best-

reduces systematic errors as it is large enough to find commonly-shared systematic
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errors but small enough so that the eclipse signal is not resolved and inadvertently

removed by the PCA. Thus, a PCA on this bin size will find a first principal compo-

nent that contains systematic error common among the spectral channels in the bin,

rather than a common eclipse signal. We then run a PCA on the time-varying flux

of each bin and eliminate the first principal component to get rid of ∼80% of the

wavelength- and time-correlated systematic errors, such as airmass. The remain-

ing (≥2nd order) components are mapped back to obtain cleaned lightcurves. With

most of the systematic errors removed, the nods are then combined.

At this point, the stacked spectra indicate large flux variations at the phase of

0.526 (∼30 minutes post-eclispe) and the autoguider failing onward of the phase

of 0.55 (∼2.5 hours post-eclipse). However, since these two sections of data likely

influence the PCA; therefore, we manually remove both of these sections and re-

run the entire analysis to better reduce the variance. Despite this “pre-filtering”

of obviously bad data, the eclipse signal is still not resolved. To enhance the low

frequency eclipse signal over the noise, we bin the data by taking the geometric

mean in Fourier-space (Equation 2.5).

The lightcurves still indicate some low-order polynomial curvature introduced

by the Fourier transform and from residual systematic errors, such as airmass. In

order to correct for this curvature, we fit various amounts of baseline (out-of-eclipse

points) to a second degree polynomial. This low-order polynomial is chosen to

prevent over-fitting the data with higher-order functions. Since the amount of pre-

eclipse data were comparably limited, we vary the pre-eclipse baseline up to half

its length. The post-eclipse data is then free to vary so that the total number of

baseline points (pre+post-eclipse) is always greater than or equal to the number

of second to third contact (in-eclipse) points. As a result, we fit each lightcurve

with 3575 different amounts of baseline to a second degree polynomial. After each

fit, the standard deviation of the baseline points is stored in an array. The optimal

baseline length is the one with the smallest standard deviation. Its associated second

degree polynomial fit is then interpolated to the in-eclipse points to correct the

entire lightcurve’s residual curvature. The eclipse depth is then extracted from the
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Table 2.2. Palomar/TripleSpec Measurements of HD 209458b’s Emission

Wavelength Fplanet/Fstar Uncertainty Photon Noise σ/σphoton

(µm) (×103) σ (×103) σphoton (×103)

1.6106 0.1108 0.1835 0.0119 15.4531

1.6314 0.0064 0.1023 0.0116 8.8418

1.6526 0.0380 0.1224 0.0114 10.7071

1.6734 0.0782 0.1740 0.0115 15.1614

1.6943 0.2053 0.3193 0.0116 27.6098

2.1182 0.0952 0.6897 0.0111 62.0932

2.1478 0.0131 0.2626 0.0109 23.9908

2.1771 0.2002 0.8475 0.0111 76.4640

2.2058 0.1088 0.4409 0.0111 39.7775

lightcurve by fitting a Mandel and Agol (2002) model lightcurve using the physical

parameters of Rstar = 1.146R⊙ (Brown et al., 2001), Rplanet = 1.38RJupiter, orbital

inclination of 86.59◦, semimajor axis of 0.04747 AU (Southworth, 2010), orbital

period of 3.524746 days (Torres et al., 2008), and period epoch of 2455216.405640

BJD UTC (Zellem et al., 2014b).

A bootstrap Monte Carlo simulation estimates the uncertainty of the eclipse

depth due to the baseline fitting for each lightcurve. We simulate over 3.5 million

lightcurves per original lightcurve, generating over 3.5 million eclipse depths. The

standard deviation of all of these simulated eclipse depths reflects the uncertainty of

the eclipse depth and the planet-to-star flux ratio Fp/Fs. The total eclipse depth un-

certainty for each lightcurve is calculated from the root-sum-square of the standard

deviations of the in- and out-of-eclipse data points as well as the error introduced

from the baseline fit (estimated with a Monte Carlo simulation). Our final, reduced

lightcurves are shown in Figure 2.12.
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Figure 2.12 The reduced Palomar/TripleSpec lightcurves (both nods combined),
with the data binned by 25 datapoints in time, indicate strong upper limits on
HD 209458b’s emission despite an inconclusive detection of the secondary eclipse
due to its low emission (see Figure 2.13). The red line is a model lightcurve fit to
the data. The dashed line indicates the 1σ uncertainty in our eclipse depths.
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Figure 2.13 The final Palomar/TripleSpec spectrum (blue circles) compared to the
Hubble/NICMOS spectrum taken by Swain et al. (2009) (red squares); please note
that we use here a statistically independent subset of the published Swain et al.
(2009) data. (The original spectrum presented in Swain et al. (2009) (see Fig. 2 in
their study) was oversampled: the reduction was completed at one wavelength grid,
resulting in final spectral points, then the wavelength grid was shifted in wavelength-
space and the data was re-reduced to produce more spectral observations, and so on.
As a result, while this procedure samples the data at higher spectral resolution, the
final wavelength bins are not statistically-independent from one another. Therefore,
here we compare our data to one statistically-independent subset of the Swain et al.
(2009) dataset (the reduction is done at one wavelength-grid location).) The break
in our spectrum is due to strong telluric absorption between ∼1.8 and ∼2 µm. The
light blue diamonds are the bins of our H- and K-band spectral points. While
all of our unbinned data (blue cirlces) are consistent with a null-detection due to
HD 209458b’s low emission and residual errors, most of these points agree with
Hubble/NICMOS to 1σ and put strong boundaries on the low flux emission from
HD 209458b. These results suggest that this analysis is a viable approach to reducing
noisy ground-based data.
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2.3 Discussion

2.3.1 Results

Here we present the IRTF/SpeX and Palomar/TripleSpec H, K, and L-band emis-

sion spectra of the hot Jupiter HD 209458b measured from two secondary eclipses.

Systematic errors, such as telescope jitter and airmass variations, can cause data

scatter on the order of ∼10-20% which dwarf HD 209458b’s secondary eclipse

depth (∼0.2%). These common-mode errors are removed with a normalization rou-

tine for IRTF/SpeX (Section 2.2.1) and a principal component analysis for Palo-

mar/TripleSpec (Section 2.2.2). The low frequency eclipse signal is enhanced over

the remaining noise by binning spectral channels in Fourier-space. The IRTF/SpeX

reduction decreases the variance by 1.6 orders of magnitude (Figure 2.2) to get

within 2.9 times the photon noise limit (Table 2.1). Due to high telluric absorp-

tion at the band edges, the Palomar/TripleSpec J-band lacks a sufficient number

of spectral channels to resolve the eclipse signal. Yet for the H and K-bands, the

Palomar/TripleSpec reduction decreases the variance by 2.8 orders of magnitude

(Figure 2.10) to get within 8.8 times the photon noise limit (Table 2.2). Both re-

ductions restore a more symmetrical shape in the final flux histograms, suggesting a

reduction of non-Gaussian red noise (Figures 2.2 and 2.10). Despite the persistence

of red noise, as suggested by the non-Gaussian shape of the final flux histograms

(Figures 2.2 and 2.10), we reduce the IRTF/SpeX K-band mean variance to 175

ppm and the Palomar/TripleSpec binned K-band uncertainty to 208 ppm. For

comparison, Swain et al. (2010) find a mean K-band variance of ∼150 ppm while

observing the secondary eclipse of HD 189733b (V-mag = 7.68, K-mag = 5.54)

with IRTF/SpeX. After scaling our IRTF/SpeX and Palomar/TripleSpec binned

K-band uncertainties while accounting for the difference in brightnesses between

HD 209458b and HD 189733b and primary mirror diameters of IRTF (3 meters)

and Palomar (5.08 meters), we achieve a similar variance (123 ppm and 174 ppm,

respectively) to Swain et al. (2010). However the Hale telescope, due to its larger

primary mirror (5.08 m), can theoretically achieve a variance ∼60% smaller than
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IRTF on the same targets under similar observation conditions. We do not achieve

this theoretical precision for Palomar likely due to the IRTF’s superior observing

conditions on Mauna Kea. In the IRTF/SpeX data, we detect non-zero eclipse

depths in three of the nine K-band lightcurves (Figure 2.6) and in seven of the four-

teen L-band lightcurves (Figure 2.7). All of the Palomar/TripleSpec lightcurves are

consistent with a null detection (Figure 2.12). Both datasets, despite the different

platforms and reduction schemes, agree both with each other and with previous

Hubble/NICMOS (Swain et al., 2009) and Spitzer/IRAC1 (Knutson et al., 2008)

observations to 1σ (Figures 2.8, 2.9, and 2.13), suggesting the validity of the ob-

servation and reduction techniques employed here. In addition, the K and L-band

measurements resemble previous IRTF/SpeX HD 209458b emission contrast spectra

(Richardson et al., 2003).

2.3.2 Palomar/TripleSpec’s Ability to Measure Other Targets

The HD 209458b binned K-band uncertainty (208 ppm) suggests that Palo-

mar/TripleSpec is capable of high-precision exoplanet measurements of both pri-

mary transits and secondary eclipses. In particular, the number of secondary eclipse

higher-SNR targets for Palomar/TripleSpec is estimated from the host star’s radius

Rs and effective temperature Ts, and the planet’s semimajor axis a. Assuming an

albedo of 0 and efficient energy transport to the night side, the planet’s equilibrium

temperature Tp is:

Tp = Ts

√

Rs

2a
. (2.6)

Note that this simple estimate underestimates the dayside temperature of hotter

planets (Tirradiated ≥ 2000 K), which are predicted to redistribute energy from the

dayside to the nightside less efficiently (e.g., Cowan and Agol, 2011; Perna et al.,

2012; Perez-Becker and Showman, 2013). Therefore our estimated SNRs of the hot-

ter exoplanets are very conservative. Assuming that the host star and planet emit as

black bodies, we estimate the planet-to-star flux ratio Fp/Fs at the center of the Ks

band (2.15 µm). Note that while planetary spectra diverge from blackbody emission,
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Table 2.3. Palomar/TripleSpec potential secondary eclipse targets

Exoplanet Ks-mag Fplanet/Fstar
a Uncertaintyb SNR

(×10−3) (×10−3)

WASP-33 b 7.46800 1.44271 0.354800 4.06625

HD 189733 b 5.54100 0.241288 0.146077 1.65178

WASP-12 b 10.1880 1.86983 1.24160 1.50598

WASP-77 A b 8.40500 0.716147 0.546240 1.31105

KOI-13 b 9.42500 1.03594 0.873742 1.18563

HAT-P-32 b 9.99000 1.20003 1.13340 1.05878

WASP-103 b 10.7670 1.69008 1.62100 1.04262

aestimated flux ratio of the planet to the star (see text)

bscaled from the binned K-band uncertainty measured here for

HD 209458b (208 ppm) to each system using their respective Ks mag-

nitudes

this assumption is necessary as we do not know the planet’s composition a-priori.

To estimate each target’s theoretical uncertainty σ, we scale HD 209458b’s binned

K-band uncertainty (σHD 209 = 208 ppm) to each system using their respective Ks

magnitudes m:

σ = σHD 209

√

FHD 209

F

= σHD 209

√
10−0.4(mHD 209−m) (2.7)

where FHD 209 is the flux of HD 209458, F is the flux of the system’s host star,

mHD 209 is the Ks magnitude of HD 209458 (Ks-mag = 6.307), and m is the Ks

magnitude of the system’s host star. According to these calculations, for example,

Palomar/TripleSpec can measure WASP-33b’s K-band emission with a SNR ≈ 4

(Table 2.3).

The theoretical Palomar/TripleSpec K-band SNRs of primary transit measure-

ments are calculated by first estimating the scale height H of each planet, assuming

a mean atmospheric temperature equal to the planet’s equilibrium temperature and

an H2-dominated atmosphere. If the planet’s atmosphere is optically thick at 5 scale
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heights in the Ks band, then the primary transit depth is:

transit depth =
(

Rp + 5H

Rs

)2

. (2.8)

Since atmospheres can change drastically between different targets, we avoid adding

any additional interpretation or assumptions into their composition or structure

with a “channel to channel” SNR calculation. We instead calculate a “broad band”

SNR across the entire Ks band and avoid giving SNRs on the atmospheric absorp-

tion as doing so presupposes knowledge of the planet’s atmospheric composition.

Palomar/TripleSpec can theoretically measure the primary transit absorption of 14

exoplanets with SNR ≥ 20 and 107 additional exoplanets with SNR ≥ 3 (Table 2.4).

2.3.3 HD 209458b’s L-band Emission Spectrum

The L-band data (Figure 2.9) presented here is the first absolute L-band measure-

ment of any exoplanet other than HD 189733b. The resultant L-band spectrum

that we derive for HD 209458b differs significantly from that observed 3 times for

HD 189733b (Figure 2.14). Unlike HD 189733b, HD 209458b does not exhibit bright

emission at 3.3 µm to ∼3σ, suggesting that HD 189733b’s emission is specific to that

exoplanet. HD 189733b’s bright L-band emission is attributed to non-LTE CH4

ν3 fluorescence (Swain et al., 2010; Drossart et al., 2011; Waldmann et al., 2012a).

Considering thermochemical equilibrium (Moses et al., 2011), the relatively cooler

HD 189733b (Teff ≈ 1200 K) is predicted to have a higher CH4 abundance than

the hotter HD 209458b (Teff ≈ 1450 K); thus one might expect for HD 209458b

to have weaker CH4 ν3 emission. The theory that cooler objects have more CH4 is

supported by brown dwarf studies (e.g., Burrows et al., 1997; Burgasser, 2008) and

further reinforced by the lack of detection of a bright 3.3 µm feature on HD 209458b.

In order to explore the question of whether the HD 209458b L-band measure-

ments require non-LTE emission, we compare these data with a spectrum of a model

atmosphere (Figure 2.15). Radiative transfer analyses of HD 209458b assume solar

abundances and the presence of major sources of opacity expected for an extraso-

lar planet with HD 209458b’s equilibrium temperature, considering thermochemical
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Table 2.4. Palomar/TripleSpec potential primary transit targets

Exoplanet Ks-mag Ha Absorptionb Uncertaintyc SNRd

(km) (×10−3) (×10−3)

HD 189733 b 5.54100 217.994 23.5265 0.146077 161.055

WASP-80 b 8.35100 214.307 28.9982 0.532823 54.4237

GJ 436 b 6.07300 203.274 7.18361 0.186631 38.4910

HD 80606 b 7.31500 17.3602 11.1666 0.330661 33.7707

WASP-43 b 9.26700 107.398 24.8430 0.812425 30.5789

WASP-77 A b 8.40500 223.018 16.6508 0.546240 30.4826

WASP-34 b 8.79200 475.315 18.3705 0.652805 28.1409

HAT-P-20 b 8.60100 16.0539 15.8112 0.597838 26.4474

HAT-P-22 b 7.83700 111.412 11.0576 0.420517 26.2954

HAT-P-17 b 8.54400 240.431 15.2178 0.582349 26.1318

GJ 1214 b 8.78200 251.885 14.9799 0.649805 23.0529

WASP-10 b 9.98300 56.2980 24.3706 1.12975 21.5716

HAT-P-32 b 9.99000 1285.69 23.8054 1.13340 21.0035

CoRoT-2 b 10.3100 161.761 27.1131 1.31336 20.6441

ascale height H calculated by assuming a H2-dominated atmosphere and that the

mean atmospheric temperature is equal to the planet’s equilibrium temperature

bestimated lightcurve depth during primary transit; assuming that the planet’s

atmosphere is optically thick at 5 scale heights H, we estimate the primary transit

depth =

(

Rp+5H

Rs

)2

cscaled from the binned K-band uncertainty measured here for HD 209458b (208

ppm) to each system using their respective Ks magnitudes

dWhile Palomar/TripleSpec has the theoretical capability to measure the pri-

mary transit absorption of 121 exoplanets to SNR ≥ 3, here we only list the 14

exoplanets which have SNR ≥ 20 in the interest of space.
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equilibrium and disequilibrium processes (Moses et al., 2011), i.e. H2O, CH4, CO

and CO2, and using a temperature-pressure profile consistent with current GCM

models (Showman et al., 2009). Using k-coefficients of Griffith (2014) the emission

of the exoplanet is calculated over pressure levels ranging from 10 to 10−5 bar, as-

suming LTE and the appropriate stellar model from Castelli and Kurucz (2004) for

the host star’s flux. Note however that the model does not use the hot CH4 lines of

Yurchenko and Tennyson (2014)—we leave a full radiative transfer analysis imple-

menting these line lists to a future study. The agreement between the model and

the data further suggests that fluorescence is not needed to explain HD 209458b’s

emission, unlike HD 189733b (Swain et al., 2010; Waldmann et al., 2012a).

2.4 Conclusions

IRTF/SpeX, until the launch of the James Webb Space Telescope, is one of the few

platforms currently capable of measuring an exoplanet’s low resolution L-band emis-

sion spectrum, which probes the CH4 ν3 band. Combined with Palomar/TripleSpec,

with simultaneous J, H, and K-band coverage and a large primary mirror, these two

platforms have the potential to observe wavelength regions where the major C and O

bearing species (H2O, CO, CO2, and CH4) emit. Thus, measurements of these wave-

lengths coupled with radiative transfer analyses constrain the abundances of these

molecules. In addition, these two platforms can help identify targets for future mis-

sions, such as the James Webb Space Telescope. IRTF/SpeX and potentially Palo-

mar/TripleSpec, combined with significant data reduction as demonstrated here,

are reliable instruments to use for high-precision ground-based eclipsing exoplanet

spectroscopy.
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Figure 2.14 Our final IRTF/SpeX HD 209458b L-band emission spectrum (blue cir-
cles) versus IRTF/SpeX L-band emission spectra of HD 189733b binned over 3 nights
(Waldmann et al., 2012a, green squares). HD 189733b exhibits bright emission at
3.3 µm, which is attributed to non-LTE CH4 ν3 fluorescence (Drossart et al., 2011).
HD 209458b does not exhibit similar emission to ∼3σ, suggesting that fluorescence
is not needed (Figure 2.15).
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Figure 2.15 A comparison of existent HD 209458b secondary eclipse data
(Swain et al., 2009; Knutson et al., 2008; Zellem et al., 2014b; Swain et al., 2008;
Crossfield et al., 2012b) with our IRTF/SpeX K and L-band data (blue circles). A
radiative transfer model (black line), whose inputs are based on the Moses et al.
(2011) atmospheric model, fits all of the data nominally well, including our new
IRTF/SpeX data. Also included are blackbody emission curves for T = 1000 K
(dash dot), T = 1500 K (dash dot dot dot), and T = 2000 K (dash).
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CHAPTER 3

Space-based Single-object Photometry: Spitzer

3.1 Introduction

Here we present post-cryogenic Spitzer Space Telescope (Werner et al., 2004) IRAC2

(Fazio et al., 2004) full-orbit phase curve IR observations of HD 209458b. Our ob-

servations probe HD 209458b’s dynamical processes by measuring its 4.5 µm day-

side emission, location of its hot spot, and day-to-night temperature contrast. Ob-

servations of an exoplanet’s full-orbit phase curve probe its longitudinally-varying

temperature brightness and therefore its efficiency of heat transport from the day

to night size. The Spitzer Space Telescope is the only platform currently capa-

ble of making mid- to far-IR full-orbit observations due to its stability, continuous

viewing capability, and access to longer wavelengths than the Hubble Space Tele-

scope. Current full-orbit phase curve observations (Fig. 1.2; Harrington et al., 2006;

Cowan et al., 2007; Knutson et al., 2007a, 2012; Cowan et al., 2012; Lewis et al.,

2013; Maxted et al., 2013; Stevenson et al., 2014) suggest that hotter exoplanets

have a larger day-to-night thermal contrast (Perez-Becker and Showman, 2013).

HD 209458b, with an equivalent temperature of 1450 K (assuming a zero

albedo) is comparatively cooler than most of the other hot Jupiters for which

temperature contrasts have been measured: HAT-P-2b (Lewis et al., 2013),

HD 149026b (Knutson et al., 2009a), HAT-P-7b (Borucki et al., 2009), WASP-

18b (Maxted et al., 2013), and WASP-12b (Cowan et al., 2012) (see Fig. 1 in

Perez-Becker and Showman, 2013). Thus measurements of HD 209458b’s day-to-

night temperature contrast enable further exploration of the theory that for cooler

exoplanets, the wave travel timescale outpaces the radiative time scale, allow-

ing heat to be transported downwind and a smaller day-night thermal contrast

(Perez-Becker and Showman, 2013). In addition, the phase curve explores the pos-
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sibility that HD 209458b’s equatorial atmosphere has super-rotation, as first pre-

dicted by the global circulation model (GCM) of Showman and Guillot (2002). This

super-rotation would shift the substellar hot spot eastward (downwind), as has been

observed for other hot Jupiters (e.g., HD 189733b; Knutson et al., 2007a, 2009b,

2012).

HD 209458b is ideal for observational studies compared to other exoplanets

as it has a relatively large planet-star radius ratio (Rp/Rs= 0.12086 ± 0.00010;

Torres et al., 2008) and orbits a bright star (V-mag = 7.65; K-mag = 6.308).

HD 209458 is a relatively quiet G-type star (e.g., Charbonneau et al., 2000;

Knutson et al., 2010), which has been shown to vary by less than ∼0.002 mag at

visible wavelengths over a period of 58 days (Rowe et al., 2008). This stability aids

in the interpretation of its measured phase curve, as the star can be assumed to re-

main constant at the level of our measurements. Radial velocity and secondary

eclipse observations indicate that this planet has a circular orbit (Henry et al.,

2000; Mazeh et al., 2000; Deming et al., 2005; Laughlin et al., 2005; Winn et al.,

2005; Wittenmyer et al., 2005; Kipping, 2008; Southworth, 2008; Torres et al., 2008;

Crossfield et al., 2012b), and is therefore likely to be in a synchronous rotation state.

HD 209458b’s IR dayside emission has been measured with two IRTF/SpeX

K and L-band eclipses (Richardson et al., 2003), one Spitzer/MIPS 24 µm eclipse

(Deming et al., 2005), two Spitzer/IRS 7–13.2 µm eclipses (Richardson et al., 2007),

two Spitzer/IRS 7.46–15.25 µm eclipses (Swain et al., 2008), one eclipse simulta-

neously observed at the four Spitzer/IRAC passbands (Knutson et al., 2008), one

Hubble/NICMOS 1.5–2.5 µm eclipse (Swain et al., 2009), and three Spitzer/MIPS

eclipses (Crossfield et al., 2012b). Analyses of these data by multiple studies in-

dicate a range of compositions and thermal profiles (e.g., Burrows et al., 2007;

Fortney et al., 2008; Madhusudhan and Seager, 2009; Line et al., 2014). In addition,

prior studies indicate that this planet’s dayside emission spectrum is best-matched

by models with a temperature inversion, possibly from TiO and VO absorption, two

molecules typical of cooler stellar atmospheres (Burrows et al., 2007; Knutson et al.,

2008; Fortney et al., 2008). However, TiO and VO have yet to be conclusively de-



57

tected (Désert et al., 2008). Some groups have also argued that TiO would likely

be lost to cold traps in the planet’s interior and on the night side (Showman et al.,

2009; Spiegel et al., 2009; Parmentier et al., 2013).

Previous secondary eclipse data were obtained in a non-standard observing

mode in which Spitzer cycled continuously between the four IRAC subarrays

(Knutson et al., 2008). This mode enabled coverage of all four bands during a

single eclipse event but with one-fifth the effective cadence of the now standard

staring mode observations (e.g., Knutson et al., 2012; Lewis et al., 2013). Here we

observe continuously in one IRAC band alone, resulting in a higher cadence. We

therefore expect that our new observations will allow for a more precise estimate of

the 4.5 µm eclipse depth. Our full-orbit data also samples HD 209458b’s phase curve

and measures for the first time its nightside emission. A previous 24 µm full-orbit

phase curve was corrupted by instrumental sensitivity variations (Crossfield et al.,

2012b). From our 4.5 µm full-orbit data, we compare the hot spot offset, day-night

flux differences, and secondary eclipse emissions derived here for HD 209458b with

GCMs that predict these values.

3.2 Observations

The observations were taken between 2010 January 17 20:55:24.4 UT and 2010

January 21 21:28:42.0 UT, resulting in 96.55 hours of data. They begin shortly

before secondary eclipse, continue through primary transit, and end shortly after

secondary eclipse. To minimize readout time and thereby maximize image cadence,

the subarray mode was used in which 32×32 pixel images were stored as sets of

64 in a single FITS datacube with a single image header. By assuming uniform

spacing in time, the mid-exposure time for each image is calculated from the header

keywords MBJD OBS (start of the first image in each cube), AINTBEG (integration

begin), and ANTIMMEEND (integration end). Effectively, the image spacing is 0.4

seconds. We report our timing measurements using BJD UTC.
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3.2.1 IRAC2 4.5 µm Photometry

The sky background is estimated in each image by first masking out the target star

with a 10-pixel radius. Three sigma outliers are then trimmed over three iterations

to remove hot pixels and cosmic ray hits from the set of 64 measurements at that

pixel position from a given data cube. The filtered background counts are fit with

a Gaussian function. This count is then subtracted from each image.

We determine the x- and y-position of HD 209458 in each image using a flux-

weighting methodology similar to a centroid that employs a five-pixel-radius circular

aperture (e.g., Knutson et al., 2008). We find the latter method results in a more

stable position estimate than the center of a two-dimensional Gaussian fit, and a

correspondingly smaller scatter in our final photometry, in good agreement with

our previous results for Spitzer 4.5 µm phase curve observations of HD 189733b

(Knutson et al., 2012) and HAT-P-2 (Lewis et al., 2013). We first calculate our

photometry using a fixed circular aperture with radii equal to 2.0, 2.1, 2.2, 2.3, 2.4,

2.5, 2.6, 2.7, 2.8, 2.9, 3.0, 3.5, 4.0, 4.5, and 5.0 pixels.

We also explore apertures that scale according to the noise pixel parameter β̃,

which is defined in Section 2.2.2 (IRAC Image Quality) of the IRAC instrument

handbook as:

β̃ =
(
∑

Ii)
2

∑

(I2i )
(3.1)

in which Ii is the intensity in a given pixel i. The noise pixel parameter is equal to one

over the sharpness parameter S1, (Muller and Buffington, 1974), and proportional

to the full-width half-maximum (FWHM) of the stellar point-spread function (PSF)

squared (Mighell, 2005); for a more thorough discussion of the noise pixel parameter,

please see Appendix A of Lewis et al. (2013). We generate two additional aperture

populations using the noise pixel parameter:
√

β̃×[0.6, 0.7, 0.8, 0.85, 0.9, 0.95, 1.0,

1.05, 1.1, 1.15, 1.2] and
√

β̃ + [−0.8,−0.7,−0.6,−0.5,−0.4,−0.3,−0.2,−0.1, 0, 0.1,

0.2, 0.3, 0.4]. We find that a fixed aperture size of 2.7 pixels produces the smallest

amount of scatter in the final residuals, which is also consistent with our conclusions

for previous 4.5 µm phase curve observations (Knutson et al., 2012; Lewis et al.,
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2013).

Outliers in the measured flux, x- and y-positions of the target, or the noise pixel

parameter β̃ are removed by first discarding six sigma outliers and then by using

a moving median filter with a width of 10 points and discarding outliers greater

than four sigma. After applying this filter we found that there were two points in

our observations (at BJD UTC ≈ 2455214.9 and ≈ 2455217.29) in which the star

displayed a sudden, sharp excursion in position typically lasting several minutes.

These excursions are most likely the result of micrometoerite hits and we exclude

them from our subsequent analysis. The two excluded segments of the light curve

contain a total of 984 images, corresponding to 0.13% of the total data set.

3.2.2 Flux Ramp Correction

Previous Spitzer/IRAC observations (e.g., Beerer et al., 2011; Todorov et al., 2012;

Knutson et al., 2012; Lewis et al., 2013) note a ramp-like change in the observed

flux at 4.5 µm, lasting approximately one hour. Agol et al. (2010) examined a

similar effect in the 8 µm bandpass and postulated that the effect might be due to

a combination of thermal settling of the telescope and charge-trapping in the array.

This effect is mitigated by trimming the first hour of our data after the start of the

observation and again after the downlink break (at phase ≈ 0.75). We then fit the

trimmed data with the ramp function given by Agol et al. (2010), as part of our

global fit described in Section 3.2.3:

F ′/F = 1 + a1e
−t/a2 + a3e

−t/a4 (3.2)

in which F ′ is the flux with the ramp, F is the flux corrected for the ramp, a1–a4

are the correction coefficients, and t is the time. A Bayseian Information Crite-

rion (BIC1; Schwarz, 1978) analysis indicates that a ramp correction is unnecessary

in order to fit the trimmed data. We therefore leave this ramp function out of

1BIC = χ2 + k ln(n), in which k is the number of free parameters and n is the number of

datapoints in the fit; this function is derived by using Laplace’s method to estimate the integral

of the Bayesian posterior distribution (Bhat and Kumar, 2010)
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our subsequent analysis, consistent with our previous 4.5 µm phase curve analyses

(Knutson et al., 2012; Lewis et al., 2013).

3.2.3 Spitzer/IRAC Decorrelation

Previous studies of transiting exoplanets find that the largest error source in

Spitzer/IRAC 3.6 and 4.5 µm data is due to intra-pixel sensitivity variations,

which cause variations in the telescope pointing to manifest as changes in the mea-

sured flux from the target star (e.g., Charbonneau et al., 2008; Beaulieu et al., 2010;

Ballard et al., 2010; Knutson et al., 2012; Lewis et al., 2013). This effect can be eas-

ily seen in our 4.5 µm full-orbit data (Fig. 3.1) in which the raw flux tracks with

the x- and y-positions on the detector. We de-trend the data using a pixel-mapping

Gaussian weight decorrelation method (Ballard et al., 2010; Knutson et al., 2012;

Lewis et al., 2013) in which each photometric measurement is corrected by its 50

nearest neighbors in x-, y-, and β̃-space (see Equation 2 in Knutson et al., 2012).

We find, consistent with Lewis et al. (2013), that inclusion of the noise pixel pa-

rameter β̃ terms increases the scatter in our final solutions. We therefore use the

following simplified version of this correction instead:

Fmeas,j = F0,j

n
∑

i=0

e−(xi−xj)2/2σ2
x,j × e−(yi−yj)2/2σ2

y,j (3.3)

in which Fmeas,j is the measured flux in the jth image; F0,j is the intrinsic flux; xj and

yj are the measured x-position and y-position; and σx,j and σy,j are the standard

deviations of the x and y vectors over the full range in i (0 to n, where n = 50

nearest neighbors). The 50 nearest neighbors to the jth image are determined via:

di,j =
√

(xi − xj)2 + (yi − yj)2 (3.4)

in which di,j is the distance vector between the jth image and the ith image; xi and

xj are the measured x-positions of the the ith and jth images, respectively; and yi

and yj are the measured y-positions of the the ith and jth images, respectively. As

a first-order estimation, we set the uncertainties on individual flux values equal to



61

the standard deviation of the normalized residuals (SDNR) of the raw flux divided

by the Gaussian weight (see Equation 3.3).

We employ a Levenberg-Marquardt least-squares minimization via the Interac-

tive Data Language (IDL) mpfit function (Markwardt, 2009) to solve simultaneously

for the best-fit transit, secondary eclipse, and phase curve functions while optimiz-

ing the corresponding pixel map at each step in our minimization. We first use

a Mandel and Agol (2002) model light curve modified for full-orbit observations to

calculate primary transit and secondary eclipse light curves using an initial guess for

the system parameters, then divide those out of the raw light curve before making

an initial pixel map. We next calculate a pixel map and corresponding correction

(Equation 3.3) for the intrapixel sensitivity variations at each point in the light

curve. Thus, the Levenberg-Marquardt performs an iterative fit in which it finds

the light curve model that, when the data is divided by the model, gives the best

x- and y-position decorrelation (or pixel map) which minimizes the scatter in the

corrected data/residuals.

For this analysis, the orbital period (P = 3.5247455 days) and eccentricity (e =

0) are fixed to values from a previous multi-transit study (Torres et al., 2008) while

the stellar limb darkening coefficients (ld1−4 = [0.4614, -0.4277, 0.3362, -0.1074])

are derived from a three-dimensional model stellar atmosphere (Hayek et al., 2012).

The inclination i, ratio of semi-major axis to stellar radius a/Rs, mid-transit time

Tc, ratio of planetary to stellar radius Rp/Rs, secondary mid-eclipse times Tc, and

secondary eclipse depths are left as free parameters. We also search for longitudinal

brightness variations across the face of HD 209458b by fitting the full-orbit light

curve with the Cowan and Agol (2008) phase curve function:

F = 1 + c1 cos(2πt/P ) + c2 sin(2πt/P )

+ c3 cos(4πt/P ) + c4 sin(4πt/P ) (3.5)

in which c1 − c4 are free parameters, t is the time, and P is the planetary orbital

period. The BIC indicates that inclusion of this phase curve function is necessary

and that the c3 and c4 terms do not improve the quality of the fit; therefore only
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Figure 3.1 Raw Spitzer/IRAC2 4.5 µm full-orbit photometry of the exoplanet
HD 209458b (Top), its x-position (Middle), and y-position on the array (Bottom)
vs. the orbital phase after filtering. All frames are binned by 400 data points (≈2.5
minutes). The gap in the data is due to spacecraft downlink. The raw flux is highly
correlated with the x- and y-position on the array, which we remove here with a
pixel-mapping Gaussian detrending method (see Section 3.2.3).
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the c1 and c2 terms are used in the final fit. Fitting simultaneously for the phase

curve, transit, and secondary eclipse models allows us to accurately account for the

effect that the phase curve shape has on our estimates of the various transit and

secondary eclipse parameters (Kipping and Tinetti, 2010). After finding an initial

full-orbit solution to the dataset, the photometric uncertainties are then inflated by

a factor of 2.2 in order to produce a global best-fit solution with a reduced χ2 equal

to unity.

Next we explore the global solution-space with a Markov Chain Monte Carlo

analysis (MCMC; e.g., Ford, 2005). The initial best-fit parameter solutions are

randomly perturbed to seed six independent MCMC chains each consisting of 105

links (steps). In each MCMC chain, a new trial solution is drawn from a Gaussian-

distributed parameter space based upon the Levenberg-Marquardt best-fit parame-

ters and associated uncertainties. Multiple (six) sufficiently long (105 links) MCMC

chains are run with different randomly selected starting values to ensure both that

an adequate amount of parameter space is sampled and that all chains converge to

the global, and not a local, solution. After running each MCMC chain, we search

for the point in which the chain has become well-mixed, as defined by where the χ2

value first falls below the median of all the χ2 values in the chain, and discard all

links up to that “burn-in” point. A Gelman-Rubin test (Gelman and Rubin, 1992)

indicates a potential scale reduction factor2 ≤ 1.07 for all parameters (Ford, 2005),

suggesting that all six MCMC chains have converged to the same global solution.

Because MCMCs assume that the noise in the data is Gaussian and uncor-

related from one measurement to the next, they will typically underestimate the

true uncertainties for data with a significant component of time-correlated noise

(Carter and Winn, 2009). To account for this “red” correlated noise, we indepen-

dently estimate the uncertainties on our fit parameters using the “residual per-

2The scale reduction factor is a convergence test for the MCMC calculated by comparing each

MCMC chain’s variance with the overall variance of the final distribution. When the scale reduction

factor is greater than 1.1, then the MCMC chains need to be run longer in order to converge to

the stationary distribution.
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mutation” or “prayer bead” method (e.g., Jenkins et al., 2002; Southworth, 2008;

Bean et al., 2008; Winn et al., 2008), in which the residuals from the best-fit MCMC

solution are circularly permutated and added back onto the best-fit MCMC model

to generate a new dataset. A Levenberg-Marquardt fit is applied to each of these

new “simulated” data sets in order to build up histograms of the best parameter

distributions from each permutation. We then compare the resulting uncertainties

to their counterparts from the MCMC analysis and take the larger of the two for

each fit parameter as our final uncertainties. The prayer bead uncertainties were

up to 2.6 times larger than the corresponding MCMC uncertainties. Our final fit

parameters and their associated one sigma uncertainties are reported in Table 3.1.

3.2.4 Residual Systematics

Despite the success of this reduction, some systematics still remain. For example,

small oscillations in flux occur before and during the first secondary eclipse, and

again near an orbital phase of 0.2. These features are not correlated with any change

in x, y, or β̃, suggesting that they are not associated with any changes in Spitzer′s

pointing. In addition, they do not correspond with any background flux changes.

These features could be due to stellar brightness variations from HD 209458, as their

0.1% amplitude is similar to the amplitude of flux variations measured for the Sun

(Eddy, 2009). However, the shape of the observed flux oscillations does not appear

to match the sharp rise and slow decline expected for stellar flares (e.g., Fig. 2 in

Gary et al., 2012), and the time scale is too short for rotational spot modulations.

Based on HD 209458’s Ca II H and K emission measurements (log(R′
HK) = −4.97;

Knutson et al., 2010), HD 209458 appears to have an activity level comparable to

that of our own Sun (log(R′
HK) = −4.96; Noyes et al., 1984); therefore it might

be reasonable to expect similar levels of infrared variability. Knutson et al. (2012)

observed similar features in their Spitzer/IRAC HD 189733b data just after the

first secondary eclipse at 3.6 µm and possibly before and after the second secondary

eclipse at 4.5 µm. This similarity suggests that the features in our light curve might

instead be the result of residual uncorrected Spitzer/IRAC systematics. We leave
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Figure 3.2 Final, decorrelated full-phase 4.5 µm light curve of HD 209458b. The
“bumps” just prior to the first second eclipse, in the middle of the first secondary
eclipse, and at a phase ≈ 0.2 are likely due to residual systematic errors or possibly
stellar activity (see Section 3.2.4).
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Table 3.1. Spitzer/IRAC2 HD 209458b Global Fit Parameters

Parameter Value Uncertainty

Orbital Parameters

i (radians) 1.5131 −0.0017 +0.0016

a/Rs 8.810 −0.069 +0.064

Primary Transit Parameters

Tc (BJD−2455000) 216.405640 −0.000097 +0.000091

Rp/Rs 0.12130 −0.00031 +0.00028

Secondary Eclipse Parameters

First Secondary Eclipse Depth 0.1243% −0.0067% +0.0073%

Tc (BJD−2455000) 214.6462 −0.0012 +0.0011

Second Secondary Eclipse Depth 0.1391% −0.0069% +0.0072%

Tc (BJD−2455000) 218.1694 −0.0011 +0.0010

Average Secondary Eclipse Depth 0.1317% −0.0048% +0.0051%

Phase Curve Parameters

c1 −0.0410% −0.0046% +0.0051%

c2 0.0354% −0.0063% +0.0062%

Amplitude 0.109% −0.011% +0.012%

Minimum Flux 1.000443 −0.000067 +0.000068

Minimum Flux Offset (hr) −9.6 −1.4 +1.4

Minimum Flux Offset (◦) −40.9 −6.0 +6.0

Maximum Flux 1.001527 −0.000036 +0.000036

Maximum Flux Offset (hr) −9.6 −1.4 +1.4

Maximum Flux Offset (◦) −40.9 −6.0 +6.0
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Table 3.2. Spitzer/IRAC2 HD 209458b Brightness Temperatures

Parameter Temperature (K)

Secondary Eclipse Parameters

First Secondary Eclipse 1380 ± 32

Second Secondary Eclipse 1443 ± 30

Average Secondary Eclipse 1412 ± 22

Phase Curve Parameters

Amplitude 527 ± 46

Minimum Flux 972 ± 44

Maximum Flux 1499 ± 15

a full exploration of these features for a future study and note that they do not

significantly affect the overall shape of the phase curve, the primary transit, or the

second secondary eclipse.

3.3 Results

The success of this reduction method is indicated by the decorrelated data (Fig. 3.2)

having a SDNR (the standard deviation of the normalized residuals) of 0.0032 which

is within 14% (1.14 times) the photon noise limit. We estimate the significance of

the red noise by calculating the RMS of the residuals in bins of increasing size, as

shown in Figure 3.4 and by using the equation from Gillon et al. (2006):

σ2
N =

σ2
w

N
+ σ2

r (3.6)

where σN is the measured uncertainty for a bin size N , σw is the white noise and

assumed to be equal to the SDNR, and σr is the red noise. Using Equation 3.6,

we estimate the contribution of the red noise on relevant timescales. This value

is 2.7% of the total scatter in the relative flux corresponding to a 2.7 increase in

the total noise in the 1 hour bins, the timescales of eclipse ingress and egress. Our

final global solutions and their 1σ uncertainties are listed in Table 3.1. The best-fit
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Figure 3.3 Comparison of our two final, decorrelated 4.5 µm secondary eclipses of
HD 209458b and corresponding best-fit model (red line) with the best-fit model of
Knutson et al. (2008) (red dashed line). Here we find significantly (∼35%) shallower
secondary eclipse values than Knutson et al. (2008).
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Figure 3.4 Standard deviation of the residuals vs. bin size for the final, decorrelated
4.5 µm full-orbit data. The red line is assuming pure Gaussian noise (∝ 1√

N
, where

N is the bin size). Bin sizes of 102 and 103 correspond to time intervals of ∼0.7
minutes and ∼7.5 minutes, respectively.

planet-star radius ratio is Rp/Rs = 0.12130+0.00028
−0.00031, which is in good agreement with

the previously published 4.5 µm measurement of 0.12174 ± 0.00056 (Beaulieu et al.,

2010). We find a secondary eclipse depth (0.1391%+0.0072%
−0.0069%) that is inconsistent with

the previously published value from Knutson et al. (2008) at the 4.4 sigma level (see

Figs. 3.3 and 3.5); we discuss possible reasons for this disagreement in Section 3.4.1.

3.4 Discussion

3.4.1 Secondary Eclipse Emission

The revision of the previous 4.5 µm emission measurement by Knutson et al. (2008)

is significant because the high brightness temperatures at 4.5 and 5.8 µm were in-

terpreted as evidence for a thermal inversion (Burrows et al., 2007; Knutson et al.,

2008; Madhusudhan and Seager, 2009, 2010; Line et al., 2014). Our revision of

HD 209458b’s 4.5 µm emission is not without precedent. The original studies of

both HD 189733b (Charbonneau et al., 2008) and HD 209458b (Knutson et al.,

2008) were carried out by continuously cycling between the four IRAC arrays in or-

der to cover all four bands during a single secondary eclipse. This method reduced
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Figure 3.5 Comparison of the planet-to-star flux ratio (Fp/Fs) emission measure-
ments of HD 209458b by Knutson et al. (2008) (black diamonds), Swain et al. (2008)
(purple hourglasses), Crossfield et al. (2012b) (blue square), and this study (ma-
genta circle; here, we plot the measurement from the second secondary eclipse
Fp/Fs = 0.1391%+0.0072%

−0.0069%). Note how our revised 4.5 µm emission measurement
brings this point into better agreement with the 1× solar abundance models with
and without a thermal inversion (red line and green dashed line, respectively; these
models are also binned to the IRAC bandpasses as indicated by the star symbol)
by Showman et al. (2009). Our new measurement also agrees reasonably well with
blackbody emission curves with T=1400 (dash dot line), T=1450 (dash dot dot dot
line), and T=1500 (long dash line).
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the effective cadence of these observations to one-fifth that of the now standard

staring mode observations, in which the star is observed continuously in a single

band. The decision to cycle between detectors resulted in a significantly higher

level of pointing jitter and correspondingly large flux variations in the resulting

light curves as compared to staring mode observations. The disadvantages of this

mode became apparent soon after these data were taken, and no other stars were

observed in this manner. Although the original data were reduced using the stan-

dard techniques available at the time (namely fitting with a polynomial function of

x- and y-position), it would not be surprising if the large pointing jitter resulted

in a biased estimate of the eclipse depth. Subsequent observations of HD 189733b

by Knutson et al. (2012) used the now standard staring mode and pixel mapping

techniques, and found a 3.6 µm eclipse depth that deviated by approximately 7.5

sigma from the previous value. It is therefore not surprising that our new staring

mode observations of HD 209458b also result in a 4.4 sigma revision to the published

eclipse depth.

Our revised estimate for the 4.5 µm brightness temperature agrees significantly

better with published models for this planet (Fig. 3.5). Despite the original in-

terpretation of the Knutson et al. (2008) data as resulting from a thermal inver-

sion, it is worth emphasizing that even one-dimensional (1D) radiative-equilibrium

models with several tunable free parameters (Burrows et al., 2007; Fortney et al.,

2008) had difficulty simultaneously explaining all four IRAC observations. Models

in which the relative abundances and pressure-temperature profiles were allowed to

vary as free parameters were able to match all four of the original measurements

(Madhusudhan and Seager, 2009, 2010; Line et al., 2014). These “data-driven” best

fit models find the temperature inversion placed where they have the most leverage

over the 4.5 and 5.8 µm bandpasses. GCM simulations including a hot stratosphere

generally do not produce elevated brightness temperatures at 4.5 and 5.8 µm relative

to the other IRAC bandpasses Showman et al. (2009), since the pressures probed

by the IRAC bandpasses largely overlap, and the depth of the inversion is not a

free parameter, but is controlled by the optical and infrared opacity sources. As
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shown in Showman et al. (2009), in models where pressure-temperature profiles are

not left as a free variable, much of the flux in the IRAC bandpasses is emitted to

space from the bottom edge of, or even below, the inversion, implying that high

stratospheric temperatures do not necessarily exert significant leverage on the flux

emitted at 4.5 and 5.8 µm in these models. Furthermore, the inversion covers only

part of the dayside in the 3D models, which also mutes its effect. However, there

could be an absorber not accounted for in the models that gives rise to an inversion

at a different level.

Our new analysis is in better agreement with the predictions of the general cir-

culation models for this planet from Showman et al. (2009), including cases both

with and without dayside temperature inversions, and also blackbody models (see

Fig. 3.5). Although our new measurement does not rule out a dayside tem-

perature inversion, it suggests that an inversion may not be necessary to explain

the current 4.5 µm broadband data. New high-precision eclipse measurements in

the other Spitzer bandpasses, specifically photometry at 5.8 and 8 µm, and ide-

ally mid-infrared spectroscopic measurements (e.g., Madhusudhan and Seager, 2010;

Burrows, 2014; Line et al., 2014) would help to provide a more definitive answer to

this question.

3.4.2 Phase Curve

Our derived 4.5 µm light curve indicates an eastward shifted hot spot, similar

to the one observed for HD 189733b (Knutson et al., 2007a, 2009b, 2012). Such

eastward offsets were first predicted for hot Jupiters by Showman and Guillot

(2002), and subsequent 3D circulation models confirm that they are a ro-

bust feature of the hot-Jupiter circulation regime, at least over a cer-

tain range of incident stellar fluxes and atmospheric radiative time constants

(e.g., Cooper and Showman, 2005; Showman, 2008; Showman et al., 2009, 2013;

Menou and Rauscher, 2009; Rauscher and Menou, 2010, 2012; Heng et al., 2011a,b;

Perna et al., 2012; Dobbs-Dixon et al., 2012). In these circulation models, the

eastward offset of the hot spot results from advection of the temperature field
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by a fast, broad eastward equatorial jet stream — so-called equatorial superrota-

tion. In turn, the equatorial superrotation results from interactions with the mean

flow of standing, planetary-scale waves induced by the day-night heating contrast

(Showman and Polvani, 2011). When the radiative time constant is comparable to

the characteristic timescale for air parcels to advect eastward over a planetary ra-

dius, then significant eastward hot spot offset from the substellar point should occur.

Overall, our observations are consistent with this body of theory and models, and

suggest that HD 209458b likely exhibits equatorial superrotation at photospheric

levels.

Figure 3.6 compares our best-fit model of HD 209458b’s observed full-orbit flux

to theoretical phase curves generated from the global circulation models (GCMs)

presented in Showman et al. (2009). The Showman et al. (2009) 3D dynamical mod-

els of HD 209458b are the first with non-grey radiative transfer across the entire

wavelength range from the visible through the infrared. In our observations, we

find a phase curve maximum that occurs 9.6 ± 1.4 hours before secondary eclipse,

corresponding to a hot spot shifted 40.9◦ ± 6.0◦ eastward of the substellar point.

The theoretical phase curves generated from the GCM are shown for no-thermal-

inversion models (i.e., models lacking TiO and VO), and models with TiO and VO

included at 1× and 3× solar abundance. These molecules cause a thermal inversion

due to the extreme opacity of TiO and VO in the visible.3 Interestingly, our obser-

vations exhibit a peak flux in the light curve which leads secondary eclipse by an

amount intermediate to that predicted from the no-inversion and thermal-inversion

models. Overall, our observed dayside emission (phase ∼0.25 to 0.75 in Figure 3.6)

matches the predictions of the Showman et al. (2009) models well, especially for

models including visible absorbers and a dayside inversion.

There exist a variety of factors that can influence the offsets of the hot spot

for a given hot Jupiter. Generally speaking, a larger atmospheric opacity would

move the photospheres to higher altitude (lower pressure), in which the radiative

3TiO and VO are simply proxies for any visible-wavelength absorber in these models, and any

other strong visible absorber would lead to qualitatively similar behavior.
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Figure 3.6 Comparison of our reduced data (black points) and its best-fit phase curve
model (red line) to the Showman et al. (2009) GCMs with 1× solar abundance and
no thermal inversion (green astericks), an inversion with 1× solar abundance (blue
diamonds), and an inversion with 3× solar abundance (magenta triangles). The
Showman et al. (2009) inversion model predictions (blue diamonds and magenta
triangles) nominally fit our observations, except on the nightside in which the GCM
over-predicts HD 209458b’s flux.
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time constant is shorter, leading to a smaller hot-spot offset; and conversely for

smaller atmospheric opacity (Dobbs-Dixon and Lin, 2008; Showman et al., 2009;

Lewis et al., 2010; Heng et al., 2011b). Such opacity variations could result from

the gas metallicity (higher metallicity generally implies greater opacity and vice

versa), or potentially from hazes, though there is currently no strong evidence

that hazes significantly affect the emission on HD 209458b (Deming et al., 2013).

Moreover, for specified opacities, the existence of atmospheric frictional drag could

lead to slower wind speeds, decreasing the hot spot offset, potentially even to

zero if the drag is sufficiently strong (Rauscher and Menou, 2012; Showman et al.,

2013; Dobbs-Dixon et al., 2012). Such drag could result from Lorentz forces

due to the partial thermal ionization at high temperatures (Perna et al., 2010;

Rauscher and Menou, 2013; Rogers and Showman, 2014). Nevertheless, the fact

that our observed offset is significantly nonzero (with 6.9 sigma confidence) and

agrees reasonably well with GCM simulations performed in the absence of strong

drag at photospheric levels (Fig. 3.6; Showman et al. (2009)) suggests that these

magnetohydrodynamic (MHD) effects do not play a dominant role in controlling the

hot spot offset for HD 209458b.

HD 209458b’s observed phase curve, which represents the first 4.5 µm mea-

surements of its nightside emission, indicates that HD 209458b has a day-to-night

temperature contrast of ∆Tobs = 527 ± 46 K. We find that HD 209458b has a

smaller contrast at 4.5 µm (Aobs = 0.352 ± 0.031 4) than other hot Jupiters with

higher levels of incident flux (e.g., WASP-12b and WASP-18b; Cowan et al., 2012;

Maxted et al., 2013, respectively), consistent with the idea that this temperature

contrast is driven by insolation (Perez-Becker and Showman, 2013) as the radia-

tive time constant decreases with increasing temperature (Showman and Guillot,

2002). However, the only day-night temperature contrast measurements that ex-

ist for HD 209458b are at 4.5 µm (presented here) and an upper-limit at 8 µm

(Cowan et al., 2007). Thus full-orbit phase curve measurements both at additional

wavelengths, such as 3.6 µm, and for other targets are necessary to confirm the

4Aobs = (fluxday − fluxnight)/fluxday (Perez-Becker and Showman, 2013, see Section 1.2)
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hypothesis of Perez-Becker and Showman (2013).

In addition, HD 209458b’s phase curve suggests that the nightside is much cooler

than predicted by Showman et al. (2009). Yet, while the location of the 1× and 3×

solar abundance inversion phase curve minima (Showman et al., 2009) more closely

agree with our observations compared to the no inversion model, the GCM overes-

timates the night side flux, thereby underestimating the total day-to-night temper-

ature contrast (∆TGCM ≈ 300 K vs. ∆Tobs = 527 ± 46 K). The Showman et al.

(2009) models similarly overpredict HD 189733b’s nightside emission compared to

Spitzer/IRAC full phase observations by Knutson et al. (2012). This discrepancy

is attributed to disequilibrium carbon chemistry not included in the GCM, in par-

ticular quenching, which would increase the abundances of CO and CH4 at higher

altitudes so that measurements would be probing a comparably higher optically

thick layer with cooler temperatures. In the HD 209458b abundance profiles of

Showman et al. (2009) and Moses et al. (2011), the vertical CO abundance profile

is driven by chemical equilibrium, resulting in a relatively constant mixing ratio

from 10 to 10−8 bars. Therefore vertical quenching of CO would have a mini-

mal effect on its abundance profile, suggesting that vertical quenching of CO is

likely not the culprit for HD 209458b’s cooler observed nightside. However, the

Moses et al. (2011) abundance profiles of CH4 suggest that vertical quenching can

increase the CH4 abundance by nearly an order of magnitude from 1 to 10−5 bars

compared to the equilibrium-driven Showman et al. (2009) profiles. This additional

CH4 could potentially help radiate heat and result in an overall cooler nightside

than predicted by the GCM. To determine if quenched CH4 is causing the nightside

cooling, we are in the process of measuring HD 209458b’s full-orbit phase curve at

3.6 µm, which overlaps the CH4 ν3 band. Analyses of these data with future GCM

studies, which include both non-equilibrium chemistry and new hot CH4 line lists

(Yurchenko and Tennyson, 2014), will better constrain the properties of these two

carbon-bearing species and the nightside cooling mechanism.
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3.5 Conclusions

Here we present the first measurements of HD 209458b’s 4.5 µm full-orbit phase

curve using Spitzer/IRAC. Our data indicate 0.69 sigma agreement with a previous

primary transit depth by Beaulieu et al. (2010) and revise HD 209458b’s secondary

eclipse emission measurement by Knutson et al. (2010) downward by ∼35%, poten-

tially weakening the evidence for a dayside temperature inversion. The phase-curve

observations suggest both a hot spot shifted eastward of the substellar point and a

day-to-night temperature contrast smaller than that of more highly irradiated hot

Jupiters, suggesting that this contrast may be driven by the incident stellar flux.

The shape of the phase curve, specifically the location and brightness temperature

of the hot spot, suggests that HD 209458b could have a dayside inversion at a pres-

sure level that is between that predicted by non-inversion models and that predicted

by TiO and VO induced thermal inversion models (≥0.008 bar) (Showman et al.,

2009). However, new GCMs that include non-equilibrium chemistry and hot CH4

lines (Yurchenko and Tennyson, 2014) are necessary not only to confirm this hy-

pothesis but also determine why HD 209458b’s nightside is cooler than previously

predicted. Thus, while we cannot draw any strong conclusions on HD 209458b’s

thermal inversion, we hope to better constrain the existence of a thermal inversion

with upcoming full-orbit phase curve observations at 3.6 µm and eclipse mapping

at both 3.6 and 4.5 µm.
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CHAPTER 4

Ground-based Multi-object Photometry: 61” Kuiper

4.1 Introduction

The exoplanet XO-2b is arguably typical of the more extensively measured transit-

ing exoplanets, considering its basic characteristics and available observations. It is

a Jupiter-sized body that orbits a K0V star at a distance of 0.0369±0.002 AU and a

period of 2.6 days (Burke et al., 2007). Prior ground-based observations of XO-2b at

optical wavelengths reveal the presence of both sodium and potassium (Sing et al.,

2011b, 2012). Broad-band photometry measures the planetary radius at which its

atmosphere becomes optically thick in the Sloan z band (Fernandez et al., 2009) and

in the broad 0.4–0.7 µm band (Burke et al., 2007). Secondary eclipse Spitzer/IRAC

observations suggest that XO-2b has a weak thermal inversion (Machalek et al.,

2009). The Hubble Space Telescope (HST) with NICMOS obtained a XO-2b trans-

mission spectrum at near-IR wavelengths of 1.2–1.8 µm, potentially indicating the

presence of water vapor in its atmosphere (Crouzet et al., 2012). XO-2b’s relatively

bright (V -mag = 11.25; Benavides et al., 2010) host star, XO-2N, has a southern

binary companion, XO-2S, that resides too far away (4600 AU) to affect the plane-

tary orbit (Burke et al., 2007). Both stars have relatively high metallicities and C/O

ratios (Teske et al., 2013), as well as the same stellar type and brightness. Thus,

XO-2S uniquely provides an ideal photometric reference star for transit observations

of the exoplanet and host star in order to explore errors inherent in ground-based

optical observations.

Optical primary transit measurements crucially constrain radiative transfer

model degenerative fits of near-infrared data. Molecular abundances, in particular,

are difficult to determine from near-IR primary transit measurements because the

derived mixing ratios depend on the radius assumed as a function of pressure level
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(Tinetti et al., 2010; Benneke and Seager, 2012, 2013). Griffith (2014) finds that the

extinction coefficient depends exponentially on the pressure-dependent radius, indi-

cating that high precision measurements of exoplanetary radii are essential for the

interpretation of transit spectra1. For example, a ∼1% difference in the estimated

planetary radius of a 1000 K hot Jupiter at the ∼10 bar pressure level can result

in variations in molecular abundances of 2 orders of magnitude or more (Griffith,

2014). Since optical primary transit measurements probe where atmospheric opacity

is dominated by H2 Rayleigh scattering and, if present, clouds, these data provide

an upper limit to an exoplanet’s optically thick radius, thereby constraining its

molecular abundances.

Here we present repeated ground-based optical primary transit measurements

of XO-2b’s atmospheric transmission with the University of Arizona’s 61” (1.55 m)

Kuiper Telescope and Mont4k CCD spanning 4 years. These observations are in

the Harris B (330–550 nm) and Bessell U (303–417 nm) photometric bands, where

the spectrum is devoid of molecular features. If the exoplanet is cloudless, the

opacities within these bands are established by H2 Rayleigh scattering, and thus

the atmospheric density structure and mean molecular weight, rather than atomic

and molecular features. The mean molecular weight is already well known through

XO-2b’s density (Narita et al., 2011; Burke et al., 2007), which indicates a H2-He

based atmosphere. Constraints on XO-2b’s thermal profile are provided by previous

Spitzer/IRAC observations (Machalek et al., 2009). If clouds are present, an upper

limit to the radius is obtained, as further discussed below.

Our study also includes a nightly monitoring program of the host star XO-2N for

variability with Tennessee State University’s 0.36 and 0.61 meter Automatic Pho-

toelectric Telescopes (AITs) at Fairborn Observatory (Henry, 1999). These R-band

1Note that the derived mixing ratios are not sensitive, separately, to uncertainties in the host

star’s radius, because primary transits measure the ratio of the planet-to-star radius (Griffith,

2014). Thus the derived planet’s radius scales to the assumed stellar radius, which we take to be

0.964 RSun for the host star XO-2N. Gas abundances determined from primary transit data are

also sensitive to the temperature profile of the planet, but to a much lesser extent (Griffith, 2014).
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photometric measurements suggest that XO-2N is indeed variable, likely the result

of star spot activity, and could influence XO-2b’s transit depth (e.g. Pont et al.,

2008; Agol et al., 2010; Carter et al., 2011; Désert et al., 2011; Sing et al., 2011b).

However, it is unclear how much this variability alters XO-2b’s signal as all our

Kuiper/Mont4k measurements agree to ∼1σ. Regardless, XO-2N’s variability pre-

vents us from binning the multiple years of Kuiper/Mont4k data in order to achieve

a higher precision measurement of XO-2b’s planet-to-star radius ratio. As a result,

we cannot strongly constrain its molecular abundances.

4.2 Observations and Data Reduction

Photometric measurements were conducted at the University of Arizona’s 61”

(1.55 m) Kuiper Telescope, equipped with the Mont4k CCD, a 4096×4096 pixel sen-

sor with a 9.7’×9.7’ field of view. Bessel U-band measurements alone were obtained

on 2012 January 5, 2013 January 21, and 2013 February 24 (UT). Harris B-band

measurements alone were obtained on 2012 October 29 and 2014 January 30 (UT).

Simultaneous U and B-band measurements were taken on 2012 December 10, 2014

February 12, 2015 January 18, and 2015 February 8 (UT). Typical seeing was ∼1.5”.

At the telescope, we binned the pixels by 3 × 3 to shorten the readout time and

achieve a plate scale of 0.43”/pixel. To ensure accurate time-keeping, an on-board

clock was automatically synchronized with GPS every few seconds throughout the

observational period.

To characterize the out-of-transit baseline, each set of observations began ∼1–2

hours prior to transit ingress and ended ∼1–2 hours after egress. The flux from XO-

2N was measured simultaneously with the flux from 8 additional stars on the CCD.

Each image is bias-subtracted and flat-fielded with 10 flats and bias frames, using

standard IRAF reduction procedures (Tody, 1993). Although 8 reference stars were

imaged, only the binary companion, XO-2S, is used as a comparison star to map out

systematic errors (e.g., airmass), because it is nearby (31.21”) and of similar stellar

type (G9V; Benavides et al., 2010) and brightness (V -mag= 11.20; Høg et al., 2000)
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to the host star. In addition, we distinguish a short periodicity in one of the stars

within the field of view (RA: 7:48:05.44; Dec: +50:15:56.1), thereby ruling it out as

a reference star.

Following the procedures of Pearson et al. (2014), we extract the time-varying

flux of the target and comparison stars with aperture radius sizes ranging from 7 to

14 pixels (0.98” to 1.96”) with steps of 0.1 pixel (0.014”). These apertures are ex-

plored to incorporate sufficient flux from each star and ensure that no contaminating

light from nearby stars is present in the radial profile. A constant sky annulus with

an inner and outer radius of 16 and 20 pixels (2.24” and 2.8”), respectively, both

larger than the target aperture, prevent the inclusion of any background star light.

The aperture radii that produce the lowest scatter in the raw XO-2N light curves

are used in the final XO-2N light curves. This selection process minimizes both the

point-to-point scatter as well as airmass effects. For each night, the light curves of

XO-2N are then divided by the light curves of XO-2S to remove shared systematic

errors, the largest of which is airmass.

Each normalized light curve is then fit with a Mandel and Agol (2002) model

light curve. A Levenberg-Marquardt (LM) non-linear least squares minimization

(Press et al., 1992) via the Interactive Data Language mpfit function (Markwardt,

2009) provides an initial local fit of the model light curves to our data. During the

entire analysis, the time of mid-transit (Tc) and planet-to-star radius ratio Rp/Rs are

left as the only free parameters. The orbital period, inclination, scaled semi-major

axis, eccentricity, and quadratic limb darkening coefficients remained fixed for this

analysis and are listed in Table 4.1.

We explore the effects of fitting the data with four different functions in order

to correct for any residual airmass effects:

F = F0 × a (4.1)

F = F0 × a e−b airmass (4.2)

F = F0 × (a airmass+ b) (4.3)

F = F0 ×
(

a2 airmass + b airmass+ c
)

. (4.4)
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Table 4.1. Kuiper/Mont4k Fixed Model Values

Parameter Values Reference

XO-2b’s Orbital Parameters

Period (days) 2.61586178 Sing et al. (2011b)

Inclination (◦) 88.01 Crouzet et al. (2012)

a/Rs 7.986 Crouzet et al. (2012)

Eccentricity 0 Crouzet et al. (2012)

Host Star XO-2N Parameters

Teff (K) 5343 Teske et al. (2013)

log g (cgs) 4.49 Teske et al. (2013)

[Fe/H] 0.39 Teske et al. (2013)

Limb darkening coefficients (U-band) 0.98884840, −0.13270563 Eastman et al. (2013)

Limb darkening coefficients (B-band) 0.81461289, 0.026193820 Eastman et al. (2013)

where F is the observed time-varying flux of XO-2N normalized by XO-2S, F0 is

the airmass-corrected flux, and a, b, and c are free parameters. These equations ac-

count for brightness differences between XO-2N and XO-2S. Equations 2–4, which

are functions of the airmass, also correct for any residual airmass-related brightness

variations not treated by the normalization of XO-2N by XO-2S. A Bayesian Infor-

mation Criterion (BIC; Schwarz, 1978) determines the ideal correction function:

BIC = χ2 + k ln(n) (4.5)

where k is the number of free parameters in the model (e.g., for Equation 4.1, k = 1)

and n is the number of data points (n ≈ 100) in the fit by minimizing the BIC. Thus

the BIC prevents over-fitting the data due to the inclusion of the “penalty term”

k ln(n). The BIC indicates that every night of data prefers Equation 4.1, suggesting

that the combination of the chosen aperture size and the normalization of XO-2N’s

time-varying flux by XO-2S adequately removes all airmass variations. In cases

where the reduced chi-squared (χ2
r) of the data to the initial-fit model is greater

than unity, we multiply the photometric error bars by
√

χ2
r to compensate for the

underestimated observational errors (Bruntt et al., 2006; Southworth et al., 2007)
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in order to produce a global best-fit solution with a reduced χ2 equal to unity.

To find a global fit solution, we employ 4 simultaneous Markov Chain Monte

Carlo (MCMC; Ford, 2005) chains of 200,000 links (steps) seeded by randomly per-

turbing the best-fit parameters from the LM analysis. Each MCMC chain draws

from a prior Gaussian distribution determined by the initial LM fit and tuned so

that each fitted parameter has an acceptance ratio of ∼0.3 to maximize chain effi-

ciency (Ford, 2005). After running each MCMC chain, we define the burn-in point

for each chain as where the χ2 value first falls below the median of all the χ2 val-

ues in the chain, and remove all links prior to this point. A Gelman-Rubin test

(Gelman and Rubin, 1992) finds a scale reduction factor ≤1.001 for all fitted pa-

rameters (Ford, 2005), suggesting MCMC chain convergence.

Since the MCMC draws from a Gaussian prior distribution and assumes that

every measurement is uncorrelated, it can underestimate the uncertainties in the de-

rived parameters, particularly if there is non-Gaussian red noise (Carter and Winn,

2009). Therefore we use a residual permutation, or “prayer bead”, method (e.g.,

Jenkins et al., 2002; Southworth, 2008; Bean et al., 2008; Winn et al., 2008) to give

a more robust estimate on the parameter uncertainties. The prayer bead method

circularly permutes the residuals around the best-fit MCMC solution, and solves

for the transit depth, mid-transit time, and normalized out-of-transit flux a with a

LM for each permutation. In this way n (where n is the number of data points)

new “simulated” lightcurves are formed in order to generate new posterior distri-

butions of the parameters. To remain conservative, we choose the larger of the

two uncertainties from either the MCMC or the prayer bead as the final error bars

for each derived parameter and allow our uncertainties to be non-symmetric (e.g.,

Todorov et al., 2012). The final model fits to the data are presented in Table 4.2

and Figures 4.1–4.2.
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Table 4.2. Kuiper/Mont4k XO-2b Derived Parameters

Date Rp/Rs Uncertainty Mid-transit time Uncertainty a∗ Uncertainty σ/σphoton
†

(UT) (Tc − 2456000 JD)

Bessel U-band

2012 Jan 5 0.1037 −0.0035 +0.0041 −68.2337 −0.0030 +0.0016 0.88703 −0.00032 +0.00041 3.71

2012 Dec 10 0.1047 −0.0024 +0.0028 271.8283 −0.0025 +0.0014 0.88254 −0.00024 +0.00024 3.17

2013 Jan 21 0.1035 −0.0019 +0.0023 313.6810 −0.0018 +0.0024 0.93235 −0.00014 +0.00031 3.84

2013 Feb 24 0.1059 −0.0015 +0.0015 347.6865 −0.0006 +0.0006 0.87921 −0.00023 +0.00023 3.90

2014 Feb 12 0.1072 −0.0020 +0.0020 700.8276 −0.0012 +0.0017 0.87379 −0.00029 +0.00028 3.36

2015 Jan 18 0.1031 −0.0035 +0.0045 1040.8883 −0.0022 +0.0039 0.87210 −0.00019 +0.00033 2.79

2015 Feb 8 0.1087 −0.0051 +0.0033 1061.8169 −0.0040 +0.0023 0.86897 −0.00021 +0.00034 2.98

Harris B-band

2012 Oct 29 0.1054 −0.0015 +0.0016 229.9736 −0.0005 +0.0010 0.93839 −0.00014 +0.00027 3.64

2012 Dec 10 0.1030 −0.0021 +0.0018 271.8288 −0.0023 +0.0008 0.92409 −0.00018 +0.00019 3.83

2014 Jan 30 0.1042 −0.0033 +0.0075 687.7504 −0.0017 +0.0031 0.93024 −0.00050 +0.00057 6.08

2014 Feb 12 0.1076 −0.0038 +0.0039 700.8291 −0.0030 +0.0028 0.92258 −0.00039 +0.00044 5.20

2015 Jan 18 0.1038 −0.0041 +0.0023 1040.8889 −0.0012 +0.0034 0.93782 −0.00022 +0.00019 6.19

2015 Feb 8 0.1030 −0.0012 +0.0028 1061.8164 −0.0007 +0.0025 0.93196 −0.00010 +0.00019 3.71

∗Normalized out-of-transit flux from Equation 4.1, effectively measures the brightness ratio of the host star XO-2N to the comparison (and

binary companion) star XO-2S.

†Numerical distance from the photon noise limit σphoton.
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4.3 Effects of Stellar Variability

The success of this reduction is indicated by achieving up to 2.79 times the photon

noise limit (σ/σphoton in Table 4.2) and ∼1σ agreement between the derived Rp/Rs

values. This consistency between the transit depths reinforces previous studies that

conclude that XO-2 is a non-active system. For example, Burke et al. (2007) find

that their light curves agree to ∼0.5%. In addition, Sing et al. (2011b) find no

evidence for occulted starspots in their GTC/OSIRIS spectrophotometric study of

XO-2b. However we find that our out-of-transit baseline (as indicated by the nor-

malized out-of-transit flux a; see Equation 4.1 and Table 4.2) varies 0.6% in the U

and 2.4% in the B, suggesting that the host star XO-2N is variable. For comparison,

Burke et al. (2007) find that XO-2N is 93.76% (0.07 ± 0.008 mag) the brightness

of XO-2S in the B-band, whereas we find that XO-2N varies between 92.258% and

93.839% of the brightness of XO-2S.

While we find no any conclusive evidence for starspot crossings in any of our

light curves, unocculted starspots can cause a transit depth to deepen, resulting in

the retrieval of an incorrect Rp/Rs measurement and an incorrect interpretation of

the exoplanet’s atmosphere (e.g., Pont et al., 2008; Agol et al., 2010; Carter et al.,

2011; Désert et al., 2011; Sing et al., 2011a). In order to investigate this possibility,

we monitored XO-2N throughout the 2013–2014 observing season with Tennessee

State University’s Celestron-14 (0.36 m) Automated Imaging Telescope (AIT) at

Fairborn Observatory in southern Arizona (Henry, 1999). Between 2013 October 7

and 2014 May 31, we acquired 171 good R-band observations of XO-2N (Figure 4.3).

A frequency spectrum reveals low-amplitude brightness variability in XO-2N with a

period of 29.9± 0.16 days. A least-squares sine fit to the data at that period shows

a peak-to-peak amplitude of 0.00492 ± 0.00070 mag or 0.53%, a 7.0σ detection.

We interpret this periodicity to be the stellar rotation period made visible by the

rotational modulation of starspots across the face of the star. This observed period

is consistent with the period range of 29–44 days predicted from the stellar radius of

0.964R⊙ adopted in this paper and the v sin i = 1.4± 0.3 from the discovery paper
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of Burke et al. (2007).

Assuming XO-2N’s variability is constant over the last 3 years of observa-

tions2, we plot XO-2b’s transit depth in each filter vs. XO-2N’s R-band variability

(Fig. 4.4). In the U-band, the transit depth has a 0.59 correlation with the host

star’s variability, while in the B-band, the correlation is −0.10. These plots suggest

a correlation between the measured transit depth and host star variability in the U-

band (0.59) but not in the B-band (-0.10). However since all of the Kuiper/Mont4k

transit depths agree to ∼1σ, we cannot quantify how stellar variability is affecting

the derived transit depth with any statistical significance. Since the variation in the

measured transit depth is potentially being influenced by the host star’s activity, the

multiple transit depth measurements cannot be binned together to achieve higher

precision.

4.4 Interpretation

To assess the effects of disparate values of the measured radius on XO-2b’s re-

trieved molecular abundances, we consider several radiative transfer models of XO-

2b’s data. We include Rayleigh scattering, absorption due to water and pressure-

induced hydrogen absorption. The atmosphere is assumed to be cloudless. Since

XO-2b has an equilibrium temperature between HD 189733b and HD 209458b, we

adopt a thermal profile intermediate between those of HD 189733b and HD 209458b

(Moses et al., 2011). The line parameters for H2O are calculated from the parame-

ters of Rothman et al. (2009); Tashkun et al. (2003); Barber et al. (2006), while hot

pressure-induced H2 absorption derives from Borysow (2002); Zheng and Borysow

(1995). As shown in Figure 4.5, uncertainties in the XO-2b’s U and B-band light

curve depths lead to strong uncertainties in the pressure-dependent radius, which in

turn leads to poor constraints on the composition, even in the event of highly pre-

2Please note that since the coverage of star spots varies with time, the amplitude of the variabil-

ity observed in the 2013–2014 season is not necessarily applicable to all of our transit observations

which were recorded in the 2011–2015 winter seasons.
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cise near-IR measurements, currently possible with Hubble/WFC3 (Griffith, 2014).

Our observations of XO-2b indicate that its host star variability prevents us from

combining data from multiple nights in order to reduce our uncertainties. These

limitations indicate the great need for measurements on different platforms, mon-

itoring programs with one instrument, and simultaneous observations at different

wavelengths, which sample the same effective radius (and can then be interpreted

together).

4.5 Conclusions

Our observations indicate that XO-2b’s host star, XO-2N, is variable with a peak-

to-peak amplitude of 0.00492± 0.00070 R-mag and a 29.9± 0.16 day period, which

potentially influences XO-2b’s transit depths. Due to the stellar variability, our

data cannot be binned to reduce uncertainties. Our study not only demonstrates

that ground-based monitoring of a host star for variability is crucial for transit

observations but also that visible and near-IR observations must be taken at the

same time to insure that the same stellar conditions are probed.
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Figure 4.1 Bessell U-band light curves curves from the 2012–2013 observing seasons
showing the transit of XO-2b with their best-fit models indicated with the red line.
The 1σ error bars include the readout noise, the poisson noise, and the flat-fielding
error. The residuals for each light curve are in the lower panel.
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Figure 4.2 Harris B-band light curves from the 2012–2014 seasons showing the transit
of XO-2b, following the same protocol as Figure 4.1.
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Figure 4.3 Top: The R-band fluxes of XO-2, recorded during the 2013–2014 ob-
serving season at Fairborn Observatory in Arizona show a scatter about the mean
(dashed line) with a standard deviation of ∼0.0036 mag, consistent with the limit
of precision of the C14 telescope. Middle: A frequency spectrum of the 171 ob-
servations detects a peak at frequency 0.03345 ± 0.00018 cycles per day, i.e., a
period of 29.90 ± 0.16 days. Bottom: A least-squares sine fit to the data on the
29.90 day period gives a peak-to-peak amplitude of 0.00492 ± 0.00070 mag and a
rms of 0.00291 mag.
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Figure 4.4 Variations in the U (top) and B (bottom) light curve depths (Rp/Rs)
2

recorded by the Kuiper 61” telescope from 2012–2015 vs. XO-2N’s R-band variabil-
ity measured by the AIT (Fig. 4.3). These plots suggest a correlation between the
measured transit depth and host star variability in the U-band (0.59) but not in
the B-band (-0.10). Since XO-2N’s variability is likely affecting the derived transit
depth in both passbands, we cannot bin the multiple nights of data together to
achieve higher precision.
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Figure 4.5 Hubble/NICMOS measurements (Crouzet et al., 2012) of XO-2b’s pri-
mary transit spectrum (1.2–1.8 µm) and visible photometry from the 61” Kuiper
Telescope (0.3–0.5 µm) are compared to calculated model spectra. Due to the vari-
ance in the transit depths measured both with Hubble and the 61”, there is not
a single radiative transfer model that can interpret all of the data simultaneously,
preventing us from determining XO-2b’s 10 bar radius (R10) and placing strong
constraints on its water abundance [H2O] (e.g., see Griffith, 2014).
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CHAPTER 5

Conclusions

Observations of transiting exoplanets pose a challenging data reduction problem:

most platforms are not designed for the high-stability necessary for transiting exo-

planet photometry or spectroscopy. As a result, systematics inherent in each system

dominate the small exoplanetary signal. Therefore, new reduction methods must

be developed to overcome platform-specific systematic errors and achieve higher

precision.

IRTF/SpeX and Palomar/TripleSpec ground-based single-slit near-IR spec-

troscopy of HD 209458b’s secondary eclipse emission are dominated by systematic

errors primarily caused by airmass variations, seeing-induced signal loss, and tele-

scope jitter. These error sources are characterized within a bin of spectral channels

and removed with a normalization routine or a principal component analysis, and

binning with the geometric mean in Fourier space that decrease the flux variance by

up to 2.8 orders of magnitude and achieve a few times of the photon noise limit. As a

result IRTF/SpeX, when coupled with a robust reduction, can get within 4.94 times

the photometric precision of Spitzer/IRAC1 and is one of the few platforms capable

of spectrally resolving the near-IR L-band with only only night of data. These L-

band measurements of HD 209458b’s emission do not detect a bright 3.3 µm feature

like HD 189733b. This result is expected as the cooler HD 209458b is predicted

to have less CH4 than HD 189733b (Moses et al., 2011) and therefore a weaker

CH4 ν3 emission feature at 3.3 µm. Existing Hubble/NICMOS and Spitzer/IRAC1

observations validate these observation and reduction techniques. This verification

suggests that both IRTF/SpeX and Palomar/TripleSpec can measure an exoplanet’s

secondary eclipse emission with high precision.

While not affected by telluric-related error source (e.g., airmass), space-based

telescopes also suffer from systematic errors. For example Spitzer/IRAC’s “intra-
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pixel” effect causes the recorded flux to be highly correlated with the sub-pixel

position of the target on the detector array. A pixel-mapping routine is therefore

implemented to correct these flux variations to within 14% of the photon noise limit

from Spitzer/IRAC2 4.5 µm measurements of the first full-orbit observations of

HD 209458b. This study revises the previous 4.5 µm measurement of HD 209458b’s

secondary eclipse emission downward by ∼35% to 0.1391%+0.0072%
−0.0069%, suggesting that

a thermal inversion is no longer necessary to explain the secondary eclipse data. The

phase curve indicates that the hot spot on the planet’s dayside is shifted eastward of

the substellar point by 40.9◦±6.0◦, in agreement with circulation models predicting

equatorial superrotation. HD 209458b’s observed day-to-night brightness tempera-

ture contrast is smaller than that observed for more-highly irradiated exoplanets,

suggesting that the day-to-night temperature contrast may be partially a function

of the incident stellar radiation. The observed phase curve shape deviates modestly

from global circulation model predictions potentially due to disequilibrium chemistry

or deficiencies in the current hot CH4 line lists used in these models. Observations

of the phase curve at additional wavelengths are needed in order to determine the

possible presence and spatial extent of a dayside temperature inversion, as well as

to improve our overall understanding of this planet’s atmospheric circulation.

While both of these reduction methods prove to be powerful, one must make

assumptions about the astrophysical signal of the target in order to differentiate

between signal and noise. An alternate method is multi-object photometry where

a comparison star helps characterize shared systematics between itself and the tar-

get. The transiting hot Jupiter XO-2b is an ideal target for multi-object photom-

etry as it has a relatively bright host star, a large planet-to-star contrast ratio,

and a nearby binary stellar companion of nearly the same brightness and spectral

type. A multiyear (2012–2015) study of XO-2b with the University of Arizona’s 61”

(1.55 m) Kuiper Telescope and Mont4k CCD in the Bessel U and Harris B photo-

metric passbands was conducted to investigate the potential for measuring XO-2b’s

Rayleigh scattering slope, and place upper limits on XO-2b’s optically-thick radius

at a pressure level of 10 bar. These observations are coupled with a monitoring
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program of XO-2N to detect stellar variability with Tennessee State University’s

Celestron-14 (0.36 m) automated imaging telescope. The monitoring program indi-

cates that XO-2N is variable, potentially due to spots, with a peak-to-peak ampli-

tude of 0.00455±0.00090 R-mag and period of 29.87±0.19 days. Such variability is

potentially affecting XO-2b’s transit depth measured by Kuiper/Mont4k. Despite

the high correlation between XO-2N’s activity and the measured Kuiper/Mont4k

transit depths, all of the depths agree to ∼ 1σ, suggesting that XO-2N’s variability

influences the light curves below the precision of the Kuiper. Due to the likely in-

fluence of XO-2N’s variability on the derivation of XO-2b’s transit depth, multiple

nights of data cannot be binned to decrease uncertainties. Thus XO-2b’s radius

cannot be constrained beyond 12% in the U-band and 11% in the B-band, prevent-

ing its gas abundances from being further constrained. This study indicates that

the need for long-term monitoring programs of exoplanet host stars are crucial for

understanding host star variability.
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CHAPTER 6

Future Work

The analyses presented here identify new questions that warrant future studies. For

example, it is still unclear if HD 209458b has a thermal inversion. While its sec-

ondary eclipse depths are not consistent with a thermal inversion, the shape of its

Spitzer/IRAC2 phase curve suggests that a thermal inversion potentially exists.

This inversion could be localized to a portion of HD 209458b’s dayside, and is thus

“washed-out” by the flux of the rest of the disk during secondary eclipse, which

measures the planet’s dayside disk-averaged brightness. Therefore, the inversion is

resolved only by the longitudinally-probing phase curve. In addition, the discrepancy

between the phase curve observations and GCM predictions of HD 209458b’s night-

side brightness temperature could be due to the lack of disequilibrium chemistry

(e.g., CH4 quenching) or hot CH4 lines in the GCM. Both of these issues can poten-

tially be addressed with additional phase curve observations with Spitzer/IRAC1

at 3.6 µm, which could confirm an inversion signal and indicate if the CH4 abun-

dance is enhanced by quenching. Spitzer/IRAC1 observations of HD 209458b were

conducted in February 2014 and the reduction is currently underway.

Due to the limitations of Kuiper/Mont4k’s precision, coupled with XO-2N’s in-

trinsic variability, XO-2b’s primary transit depth cannot be well constrained. While

small telescope can provide important information on exoplanetary atmospheres,

their limitations arise largely as a result of variability of the system. Therefore,

monitoring programs are essential. In addition, multiple-night large telescope con-

firmation is necessary, where the effect of variability on the measured exoplanetary

signal can be resolved.

Such studies, however, hinge upon removing systematic errors with intensive re-

duction techniques. An alternate method to attain high-precision measurements is

to use an instrument specifically designed to minimize systematic errors and achieve
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the high-stability necessary for transiting exoplanet observations. One such plat-

form is the NASA-funded New Mexico Exoplanet Spectroscopic Survey Instrument

(NESSI1), a multi-object near-IR spectrometer specifically built for high stability

transiting exoplanet observations currently being commissioned on the Magdalena

Ridge Observatory 2.4 m Telescope. With its Teledyne H2RG science detector,

which features an extremely low read noise of only 3 electrons, it can make moderate-

resolution (R∼1100) spectra of the J, H, or K-band individually, simultaneous J,

H, and K-band measurements in low-resolution (R∼200) mode, or single-band J, H,

or K photometry. These wavelengths sample strong emission bands of the major

C and O-bearing species (H2O, CO2, and CH4). At these resolutions, NESSI does

not resolve individual spectral lines but rather broadband spectral features, allow-

ing neighboring spectral channels to be binned in order to increase the SNR and

detect the small planetary signal (e.g., Swain et al., 2010; Waldmann et al., 2012a;

Zellem et al., 2014a). NESSI is designed to eliminate a major source of systematic

error for ground-based platforms, which is pointing-induced jitter from movement

of internal optics due to tracking of the target across the sky. It achieves this

stability by being mounted at the nasmyth position on the telescope fork, which

limits all movement of the detector with a high-precision internal field de-rotator.

It also has a comparatively large field of view (12’×12’), allowing for easy selec-

tion of bright comparison stars, which has limited my own previous observations in

sparsely-populated stellar fields. These comparison stars are necessary to help elim-

inate most telluric effects, such as airmass extinction, and other systematic effects,

such as telescope-tracking jitter, from the target star through a simple normaliza-

tion. Custom multi-object slit masks allow light only from the science target and

comparison stars to enter the instrument while blocking out all unwanted signal,

such as from background galaxies. Initial benchmark tests suggest that NESSI has

an unprecedented precision of 25 ppm/hr, allowing it to make >100σ detections of

a primary transit and >10σ detections of a secondary eclipse. NESSI is currently

undergoing commissioning and will be on sky for >30 nights a year starting in the

1http://physics.nmt.edu/∼mce/nessi.html



98

Spring 2016A observing season.

I will use NESSI to survey the brightest transiting exoplanets to measure their

CH4 and H2O abundances as a function of equilibrium temperature. Since such

observations can be complicated due to telluric CH4 and H2O, this multi-target

study will allow me to determine how to best compose atmospheric effects from the

exoplanetary signal. The NESSI measurements of the planet’s H2O abundance will

be vetted with space-based data, such as Hubble/WFC3 while the CH4 abundance

will be confirmed with multiple observations to demonstrate reproducibility (e.g.,

Swain et al., 2010; Waldmann et al., 2012a) and Spitzer/IRAC2 photometry (in

continued collaboration with Dr. Nikole Lewis). These data will also be combined

with optical Kuiper/Mont4k data (in continued collaboration with Dr. Caitlin Grif-

fith) to constrain the planet’s optically-thick radius, thereby limiting degeneracies

in retrieved molecular abundances, and search for the existence of clouds. Such a

survey would also allow me to identify interesting targets for upcoming missions,

such as the James Webb Space Telescope and FINESSE.
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