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Abstract

Since the first discovery of a transiting planet in 2000, transmission spectroscopy
has proved essential for characterising the rapidly increasing number of known ex-
trasolar planets. When a planet is in a favourable alignment, it periodically passes
(transits) in front of its host star, during which time it blocks a fraction of the stel-
lar light. During a transit, the starlight passes through the planetary atmosphere,
causing the signatures of atoms or molecules present in that atmosphere to imprint
themselves on the stellar spectrum, allowing direct observation of a planet’s atmo-
spheric composition. At the start of this thesis, only two planets (HD 189733b and
HD 209458b) had been studied in any detail, mainly from space. The two planets
showed surprisingly different qualities for two objects with only a small temperature
difference between them, and motivated both wider and more detailed studies of the
exoplanet population. Since the start of my PhD, the amount of exoplanet knowledge
has grown rapidly, with observations from the ground becoming important, and with
studies branching out towards new planets. There are several contributions made by
this thesis to the field.

Chapter 3 details the detection of the resolved sodium D doublet in the atmo-
sphere of HD 189733b, a planet with a featureless broad-band transmission spectrum
dominated by Rayleigh scattering. The results confirmed the presence of sodium ab-
sorption as well as resolving the feature for the first time, and placing constraints on
relative abundances. Furthermore, in Chapter 4, | outline a method based on earlier
work which allows observers to retrieve atmospheric temperature information from re-
solved spectral features. This method is applied to the observations of HD 189733b,
showing that the planet has a hot thermosphere similar to HD 209458b. The models
are then also used in later chapters.

| then present the first results from a ground-based optical long-slit spectro-
scopic survey in Chapter 5, and the first results from a space-based optical-near-IR
spectroscopic survey in Chapter 6. From the ground, | detect absorption from sodium
in the atmosphere of XO-2b, making this the first planet with sodium and potassium
detected in its atmosphere. | also find that the Na I D feature lacks broad line wings,
suggesting haze or cloud cover. From space, | observed the transmission spectrum
of WASP-19b, finding solar abundance water features and a likely lack of predicted
TiO features. WASP-19b is the first planet to have confirmed water features at solar-
abundance level. In Chapter 7, | conclude and discuss future work, including a project
aimed at understanding why WASP-19b lacks TiO features, and projects which move
beyond the hot Jupiter class.
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Chapter 1

Introduction

1.1 Context and Focus

1.1.1 Context and History

Although the possibility of life on other worlds has been contemplated for generations,
the first discovery of an extrasolar planet came only as recently as 1992, when Wol-
szczan & Frail (1992) measured timing variations of pulses from the 6.2 ms pulsar
PSR 1257+12. The timing variations suggest that the pulsar is orbited by a planetary
system composed of at least two terrestrial type planets of ~ 3 —4 M.

The first exoplanet' discovery was rapidly followed by the first detection of an
extrasolar giant planet around a sun-like star, 51 Pegasi b, in 1995 (Mayor & Queloz
1995). Mayor & Queloz (1995) measured orbital motions of the star, which had to be
induced by an orbital companion, and found the presence of a Jupiter-mass planet. A
further breakthrough occurred when Charbonneau et al. (2000); Henry et al. (2000)
found a planet that was inclined in such a way that the planet passed between the
star and the observer during its orbit. They confirmed the presence of the planet,
HD 209458b, by measuring the resulting flux dimming as the planet crossed in front
of the star (transit).

The discovery of transiting exoplanets proved to be very important when, in
2002, Charbonneau et al. (2002) showed that it was possible to detect and charac-
terise their atmospheres as the light from the host star is filtered through the planet’s
atmosphere during transit. The technique of studying an exoplanet’s atmosphere dur-
ing transit (called transmission spectroscopy) is a very powerful tool for understanding
exoplanets, and is the primary focus of this thesis.

Short term for “extrasolar planet” i.e. a planet outside of the Solar system.
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1.1.2 The Focus of this Thesis

| have used a variety of spectroscopic techniques to study the atmospheres of close-
in? gas giant exoplanets. While | feel that the overarching impetus of the exoplanet
research field is to one day search for life on other planets, that goal is some time
away. In studying the more accessible planetary types, there are two main benefits.
Firstly, the observational techniques developed now can be constantly refined to a
point where habitable planets can be characterised as new instruments become avail-
able. Secondly, close-in giant planets give us access to atmospheric observations of a
new planetary type, allowing us to learn a great deal about fundamental atmospheric
physics. As such, this thesis focuses on characterisation of “hot Jupiters”, with the
use of both existing and new techniques.

The Importance of Studying Hot Jupiters

Hot Jupiters are gas giants which orbit < 0.1 AU from their stellar hosts, and were
some of the first exoplanets to be detected. The extreme conditions experienced in
hot Jupiter atmospheres provide an important laboratory for the studies of dynamics in
a new regime. Hot Jupiters are unlike any planet type in our Solar system, and so their
chemistry and formation history is likely to be vastly different from anything that we
encounter in the Solar system. Hot Jupiters are also the most favourable targets for
atmospheric characterisation due to their low densities and large atmospheric signals.

Although hot Jupiters have dominated characterisation studies, their atmospheric
physical processes are still poorly understood. Observations of exoplanet atmo-
spheres are extremely challenging, requiring high precision. The challenges are such
that, in many cases, broad atmospheric properties are the only constraints that ob-
servations can provide, and very few planets are well understood. In the rest of this
chapter, | will provide a brief summary of transit observational techniques as well as
a literature review, showing the current scarcity of observations and understanding.
The main focus in the methodology section is on transiting planets. | will then outline
the goals of this thesis, which aim to improve on the existing literature.

2Planets orbiting close to their host stars.
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1.2 Known Exoplanets

1.2.1 Detection Methods

There are several different detection methods for exoplanets, which are sensitive to
different populations of planets. The main methods are pulsar timing, radial veloc-
ity, transits, direct imaging and gravitational microlensing. Pulsar timing makes use
of the fact that millisecond pulsars have very stable rotation periods, and any timing
variations can indicate planetary companions. The pulsar timing method can be sen-
sitive to small planets of a few Earth masses. Also sensitive to small planets is the
gravitational microlensing method, where planets are detected during events when a
foreground star magnifies the light of a background star through gravitational lensing.
If the foreground star has a planetary companion, it makes a small contribution to the
lensing effect.

At the other end of the scale, radial velocity (RV) and the transit method are
most sensitive to large, close-in planets. RV searches infer the possible presence of
a planet by the planet’s gravitational effect on the host star and the resulting Doppler
shift of the stellar spectrum. For planets with favourable inclinations, the planet passes
in front of the host star during its orbit, referred to as the transit. During transit, the
flux dimming due to the planet’s passage can be measured, even though the star and
planet are not resolved. Often, transits are used to confirm RV detections. Both transit
and RV methods are now starting to be sensitive to small planets if they are close-
in to their host stars. The direct imaging method is sensitive to another planetary
regime again, since large planets at large orbital distances from their host stars can
be directly imaged.
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1.2.2 Properties of Known Exoplanets

There are just under 750 known extrasolar planets, for which we know the orbital
periods, semi-major axes and lower limits on the masses®. Figure 1.1 shows the
masses and orbital periods of the known planets discovered with each of the detection
methods.
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Figure 1.1: Masses and orbital periods of known exoplanets discovered us-
ing different detection methods. Plot from the NASA Exoplanet Archive
(http://exoplanetarchive.ipac.caltech.edu/index.html [accessed 01-Sep-2013]). | have
also placed icons on the plot to indicate the properties of Earth and Jupiter.

1.2.3 Population Statistics

In the search towards Earth-like planets, it is important to assess whether the Solar
system as a whole represents a typical planetary system and how common the differ-
ent types of planets are. While no Earth-like planets have been found yet, there are
significant numbers of discovered hot Jupiters and super-Earths, and these discover-
ies give some insights into the types of stellar system that are prevalent. With a large
number of exoplanets discovered, some constraints can be placed on the frequency
of different types of planet.

The first interesting result from recent surveys is that, although hot Jupiters
dominated initial exoplanet detections and still dominate exoplanet characterisation
studies, they are comparatively rare, with only ~ 0.5 — 1.5 % of stars hosting a
hot Jupiter (see Wright et al. 2012 and references therein). Furthermore, most hot
Jupiters are not part of multiple-planet systems (Steffen et al. 2012). The occurrence

3Number of known exoplanets from http://exoplanets.org/ [accessed 01-Sep-2013].
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of Jupiter-sized planets in general, however, is higher, with ~ 10 % of stars hosting a
gas giant planet (e.g. Cumming et al. 2008).

RV surveys have observed that the frequency of planet occurrence decreases
rapidly with increasing planet mass for close-in (< 0.25 AU) planets over all mass
ranges studied (Howard et al. 2010; Mayor et al. 2011; Howard 2013). Results from
the Kepler space mission* have confirmed the trend found by the RV surveys more
confidently for smaller planets, although it uses the transit method of detection and
so measures radii rather than masses. Another interesting result is the occurrence
frequency of super-Earths and sub-Neptune mass objects, of which there are none
in our Solar system. The current surveys suggest that there is no specific scarcity
of these kinds of planets. Howard (2013) provide an overview of the statistics in
Figure 1.2.
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Figure 1.2: Figure adapted from Howard (2013) showing population statistics from
RV and Kepler surveys. The left plot shows data from RV surveys with references in
the figure. The right plot shows data from Kepler taken from Petigura et al. (2013);
Howard et al. (2012).

4See http://www.nasa.gov/mission_pages/kepler/ for more information [accessed 01-Sep-2013].
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1.3 The Transit Method

During a transit, observers see the planet pass in front of its host star and block some
of the stellar light (around 1-2 % for a hot Jupiter). The measurement of the system’s
flux as a function of time is called a “transit light curve” (see Figure 1.3). There is a lot
of information which can be obtained from transiting planets which cannot be obtained
for other planets. Around 250 of the known exoplanets are transiting®.
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Figure 1.3: Image from Centre National d’Etudes Spatiales (CNES) showing the flux
dimming that is observed as a planet passes in front of a star.

Three important properties can be directly measured from an exoplanet transit:
the transit depth, ¢, the transit shape, and the transit duration, Tg4,,. Under certain
assumptions, the directly measured quantities can be used to obtain important pa-
rameters about the planet, such as its radius, Rp, orbital inclination, i, and orbital
separation, a. The following equations assume that the planet is dark, that the plan-
etary orbit is circular, that the star is slowly rotating and the stellar disc is circular,
and that the stellar disc is of uniform intensity. For a hot Jupiter, the orbital sepa-
ration between planet and star is small and so the orbits are tidally circularised on
short timescales. The assumption that the planet is dark is valid for a tidally locked
planet, where the planet always has the same side facing the star and the night side
is viewed during transit. The assumption of a slow rotating star, and hence a circular
stellar disc, is valid for the Sun (e.g. Gough 2012). | discuss departures from uniform
stellar intensity later on in this chapter in Sections 1.3.3 and 1.3.4.

Firstly, the transit depth can be used to measure the area of the planet com-
pared to that of the star (Seager & Mallén-Ornelas 2003). The amount of flux dimming
during the transit is equal to the ratio of the stellar and planetary disc areas:

SNumber of transiting exoplanets from http:/exoplanets.org/ [accessed 01-Sep-2013].
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P Ly = Liansit 4nR:0spTy — (4nR%: — 4nRE)o 55T B 4nRiospT
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(1.1)

where L, is the luminosity of the star, L. is the luminosity of the system when the
planet passes in front of the star and blocks a fraction of light, R, is the radius of the
star, Rp is the radius of the planet, o is the Stefan-Boltzmann constant, and 7, is the
temperature of the star. Further simplifying gives a very simple relation that enables
the planetary radius ratio to be determined from the transit depth:

2
RP

o= (1.2)

This allows observers to determine the radius of a planet from its transit. The radius
of the star is either known or estimated from its spectral type.

The RV method only constrains the minimum mass, M sini. If the orbit is in-
clined, observers only see a component of the stellar wobble and hence cannot es-
timate the planet’s true mass. For transiting planets, the orbital inclination can be
worked out from the light curve by measuring how long the transit takes, knowing its
orbital period, P, from the RV observations, and its orbital separation. Knowing the
period means that Kepler’s third law can be used to find the orbital separation:

a  G(M, + Mp)
P2 472 '
Here, a is the orbital separation, P is the orbital period, G is the gravitational constant,

(1.3)

M, is the mass of the star (again estimated from its spectral type) and Mp is the mass
of the planet (Haswell 2010). Assuming Mp < M, and re-arranging gives

ax= (GM* (%)2); , (1.4)

allowing determination of the of the planet’s orbital separation. In this case, it is as-
sumed that M, and R, are well known, which is the case for most exoplanet trans-
mission spectroscopy candidates. Assuming a > R, > Rp, the orbital inclination can
be derived from the transit duration:

P|(R
Tdur ~ = [( *)
T a

(derivation in Appendix D.1; see also Seager & Mallén-Ornelas 2003, Haswell 2010).

2

— cos? i] s (1.5)

Usually, a planet is confirmed and basic orbital parameters determined before trans-
mission spectroscopy is conducted.
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1.3.1 Analytic Transit Models

In order to measure the depth of a planetary transit and hence determine Rp/R,,
the transit shape has to be accurately modelled. In this project, | make use of the
analytical models of Mandel & Agol (2002), which compute model transit light curves
using the radius ratio, Rp/R,, and the projected distance between the planet and star
centres from the point of view of the observer as input parameters. The algorithm can
incorporate non-uniform stellar intensities as defined in Section 1.3.3. The full details
of the algorithm including prescriptions for non-uniform intensity are given in Mandel &
Agol (2002), but | will provide a brief overview here of the uniform-disc models, since
they illustrate the process of fitting a transit light curve.

Below, | use the notation that Mandel & Agol (2002) use, which is that d is the
centre-to-centre distance between the planet and the star as seen by the observer,
r, is the radius of the planet, r, is the radius of the star, z = d/r, is the normalised
separation of the centres and p = r,/r, is the radius ratio. The ratio of obscured to
unobscured flux is 1 — A(p, z), where

0 for l+p<z
2_ 2_p2)2
Ap.2) = %[p2K0+K1]—‘/4Z(1+p) for |[1-pl<z<l+p (1.6)
P’ for z<1-p
1 for z<p-1

and, k; = cos™![(1 = p? + 22)/2z], ko, = cos ' [(p? + 22 — 1)/2pz]. The top case is where
the star is unobscured, the second case is during ingress or egress or for a planet in a
grazing orbit, the third is between 2" and 3™ contact during a transit (where the whole
of the planetary disc is in front of the stellar disc) and the fourth is when a planet totally
occults a star. Mandel & Agol (2002) provide an ioL implementation of their algorithms,
which | make use of, and which is available at http://www.astro.washington.edu/agol
[accessed 01-Sep-2013]. In order to determine transit parameters from data, | use
the algorithm and fit the transit light curve for a value of Rp/R, and the z parameter
which is derived in Appendix D.1 as

z= Rﬁ |sin*(27¢) + cos? 0052(2,@)]% ; (1.7)

*
where ¢ is the planetary orbital phase, which varies from 0 to 1 throughout the orbit,
with the primary transit occurring at ¢ = 0. In my routines, i and a/R, are fitted param-
eters, while | calculate ¢ based on known literature values of the central transit time,
T,, and planetary orbital period. It is, however, possible to fit for these two parame-
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ters as well, with data of sufficient quality. Usually for transmission spectroscopy, all
parameters except for the radius contrast®, baseline stellar flux and de-trending pa-
rameters are held fixed between different wavelength fits, and so do not affect many
of the conclusions.

1.3.2 Transit Transmission Spectroscopy

Aside from the opaque disc of the bulk of the planet causing an observable dimming,
atmospheric properties can also be measured from the translucent atmosphere. As
the light of the host star passes through the planet’s atmosphere, certain wavelengths
will be absorbed, depending on the species present in the planet’s atmosphere. If a
particular wavelength is strongly absorbed by the planetary atmosphere, then more
of the stellar light will be blocked during transit, leading to a greater transit depth, and
a larger inferred planetary radius. The planetary transit depth (or radius ratio) as a
function of wavelength is called the transmission spectrum and is equal to the depth
due to the opaque planetary disc plus the wavelength-dependent depth due to the
translucent atmosphere, Az(1), (Brown 2001):

2

o= ( R,
Features in the transmission spectrum allow determination of the elements or mole-
cules present in the atmosphere. The “atmosphere” that is probed for a gas giant is
the region above the point where the planet’s atmosphere becomes so optically thick
that it absorbs all light at all wavelengths. Planets with clouds can prevent radiation
from being transmitted deep into the planet, meaning that the observable atmosphere
may not be as large in terms of height as for a cloud-free atmosphere.

Under certain assumptions, which are discussed in Chapter 4, it can be shown
that the planetary radius measured in transmission spectroscopy minus the radius of

the opaque disc is given by

Az = kgT In Qi oi(DENP, | 2nRp ’ (1.9)
Mg Teq \] kpTug

where kg is Boltzmann’s constant, T is the planet’s atmospheric temperature, u is the

mean molecular weight of the atmosphere, g is the surface gravity of the planet’s at-
mosphere, o;(1) is the absorption cross-section as a function of wavelength for each
opacity source, i, in the atmosphere, P, is the reference pressure for Az = 0, &; is the
abundance of each opacity source in the atmosphere, 7.4 is the optical depth at the

6Throughout this thesis, | often use “radius contrast” to refer to the Rp/R, ratio.
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transit radius, and Rp is the radius of the opaque planetary disc. The optical depth at
the transit radius, 7., is the optical depth at Az(1), such that a sharp occulting disc of
radius Rp + Az(A) produces the same absorption depth as the planet with its translu-
cent atmosphere. Lecavelier Des Etangs et al. (2008a) calculated 7., by numerical
integration and found that the value is constant at 0.56 for Rp/H ~ 30 — 3000 (see
Figure 1.4). Here H denotes atmospheric pressure scale height’, which is the altitude
over which pressure changes by a factor e. It is defined as kT /ug for an atmosphere
in hydrostatic equilibrium and which behaves as an ideal gas. The scale height is de-
rived in Appendix D.2 and discussed more in Chapter 4. The assumption of 7.4 = 0.56
is valid in most regions studied in transmission spectroscopy. For example, Rp/H
varies from ~ 280-560 for T = 1000 to 2000 K for a typical hot Jupiter.
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Figure 1.4: Plot from Lecavelier Des Etangs et al. (2008a) showing their calculations
of 7¢q as a function of the ratio of planetary radius to atmospheric scale height.

Equation (1.9) was first derived by Lecavelier Des Etangs et al. (2008a), and
derived in a slightly different form by Guillot (2010). It is used in Chapter 4 to cal-
culate model transmission spectra. Equation (1.9) is useful because it allows an ob-
server to determine whether they are likely to see any spectral features based on the
planet’s radius, temperature and surface gravity. Figure 1.5 shows the expected signal
strengths for one scale height for known transiting planets.

"Note that | often refer to this quantity simply as the “scale height”.
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Figure 1.5: Predicted signals in transit for 1 isothermal scale height based on stel-
lar temperature and orbital distance between each planet and its host star. Planets
marked are focussed on specifically by me, either in this work or in upcoming work.
Planet parameters are from http://exoplanet.eu/ [accessed 01-Sep-2013].

Transmission spectroscopy is powerful not only in constraining atmospheric
composition, but also in constraining other properties. For example, the presence
or absence of certain species can place constraints on the atmospheric temperature,
and knowing the dominant opacity sources has implications for the planet’s energy
budget. Also, constraints can be placed on whether or not cloud cover is important,
by determining whether expected spectral features are washed out and a featureless
spectrum is seen (which would be the case if the atmosphere contains a high-altitude
opaque absorber which hides other spectral features).

1.3.3 Limb Darkening

Transmission spectroscopy is a very useful technique, but it requires precise knowl-
edge of the transit depth variation as a function of wavelength, since spectral sig-
natures are small. Therefore, before proceeding to discuss other techniques and
literature, | need to firstly outline two important considerations for transmission spec-
troscopy: limb darkening and starspots.

In Section 1.3.1, | outlined transit models assuming a uniform stellar disc. In
reality, the stellar disc is not uniform due to “limb darkening”. Hayek et al. (2012) ex-
plain the phenomenon of stellar limb darkening as variations in brightness across the
surface of the star due to the fact that the path length, s, along the line of sight through
the stellar atmosphere depends on the viewing angle onto the stellar atmosphere. For
photons emitted at depth 4 at a point with an angle 6 to the viewing angle, the path
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length through the stellar atmosphere to the surface is (Haswell 2010)

h
5 cos(@)
The shorter path length at the observed disc centre means that photons from the
deeper atmosphere escape at the centre of the disc, while photons observed from the
limb® emerge from higher, cooler regions in the stellar atmosphere. Since the deeper
regions are hotter, photons will be emitted at higher energies (shorter wavelengths) in

(1.10)

the disc centre compared to the limb, meaning that that the disc appears progressively
dimmer towards the limb (Hayek et al. 2012). The result is that a transiting planet will
block more light when it passes in front of the centre of the star than when it passes
in front of the limb of the star. This leads to a curving of the light curve towards the
edges of the transit, rather than a square shaped dip. Furthermore, because the effect
is temperature-dependent, the limb darkening effects on a transit light curve are more
noticeable for shorter wavelengths, as shown in Figure 1.6. The blue lines are much
more curved, because limb darkening has a greater effect, compared to the square
shaped red lines.
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Figure 1.6: Image from Knutson et al. (2007b) showing model limb darkened light
curves using a four-parameter non-linear limb darkening law (left) for the bandpasses
of their observations (right). The model light curves all have the same transit radius.

The form of the limb darkening depends on opacity and emissivity at each depth
in the stellar atmosphere, which changes with composition and the thermodynamic
properties of the atmosphere. Since limb darkening is usually not measured directly
or in detail for a given exoplanet host star, observers have to rely on the results from
stellar atmosphere models when fitting transit light curves, which are constrained by
observations mainly of the Sun but also of other stars (Bigot et al. 2006; Hajian et al.
1998; Mérand et al. 2010). Stellar atmosphere model spectra can be computed for a
variety of angles in radial direction from the disc centre. Observers can then fit the
function of intensity, 7, vs u = cos(6) using a variety of laws. The most commonly used

8The edge of the stellar disc as seen by the observer.
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are listed here:

Linear Law: ()
[(ﬂzl):l_u(l_'u)’ (1.11)
Quadratic Law: 1w
L e N2
T = LA — b -, (1.12)
Non-Linear Law:
1
I(ll(/l:)l) -1 Cl(l _lul/Z) _ C2(1 _l-l) _ C3(1 _#3/2) _ C4(1 _#2)’ (113)

where u, a, b, ¢y, ¢3, c3 and ¢4 are constants. The parameter u governs the gradient of
the intensity drop between the centre and limb of the disc. Higher order relationships
are more flexible and fit the data more closely, but involve more parameters to be fitted
(Claret 2000).

When using the ATLAS 1D stellar atmosphere models of Kurucz (1993)°, Sing
et al. (2008a) found that the models overpredicted the strength of the limb darken-
ing when using a 4™ order law. By comparing with data from the Sun, Sing et al.
(2008a) found that the over-prediction was worse by > 20 % for u values below 0.05
(see Sing et al. 2008a and references therein). Sing et al. (2009) found that omitting
the first u-containing term on the right in Equation (1.13) gave a superior fit to transit
data, and is consistent with solar observations and 3D stellar models, where the in-
tensity distribution near the limb varies smoothly (see Sing et al. 2009 and references
therein).

The stellar atmosphere models of Kurucz (1993) are only one dimensional, and
therefore not perfect descriptions of the mechanics in the stellar atmosphere. Hayek
et al. (2012) produced 3D model atmospheres for the host stars of the two most
studied exoplanets, which do provide better fits to the data, and allow a 4" order
correction to be used.

%Available at http://kurucz.harvard.edu/ [accessed 01-Sep-2013].
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1.3.4 Stellar Spots

Like the Sun, many host stars have stellar spots (“starspots”), and some are con-
siderably more active than the Sun, showing optical flux variations of the order of a
few per cent over one stellar rotation period, as different parts of the stellar surface
rotate in and out of view of the observer. Starspots introduce two, opposite, effects
on the measurement of transiting exoplanets depending on whether or not the planet
passes in front of them during its transit.

Occulted Starspots

During a planetary transit, it is possible that the planet will cross a region of the stellar
surface which contains a stellar spot or cluster of spots. Starspots are dimmer than the
surrounding stellar surface, so when a transiting planet crosses a starspot, it blocks a
lower amount of flux than when it passes in front of a non-spotted region of the star.
The crossing of a stellar spot (or cluster of spots) results in a ‘bump’ in the transit
light curve, where the measured flux from the system is temporarily higher than the
prediction from the non-spotted transit model (see Figure 1.7). Not accounting for
occulted starspots will cause the observer to underestimate the planetary radius.

Furthermore, the effect of occulted starspots on a planetary transit is wavelength-
dependent (as also seen in Figure 1.7). Starspots are cooler than the surrounding
stellar surface, which means that their flux contrast with the non-spotted surface is
greater for shorter wavelengths. Additionally, some stellar spectral features have a
dependence on temperature, meaning that the contrast between the starspot spec-
trum and the non-spotted stellar spectrum may be more complicated, and contain
spectral features. Differential spectral features in stellar spots compared to the non-
spotted surface are a problem for exoplanet transmission spectroscopy because they
could introduce spurious spectral features. Some previous studies of transmission
spectroscopy with active exoplanet host stars have simply omitted the data points
clearly crossing occulted spots. Alternatively, some studies fitted for the stellar spot
amplitude as a function of wavelength using the occulted spot shape from the white
light curve and assuming that the spot shape does not change as a function of wave-
length (e.g. Sing et al. 2011b; Huitson et al. 2012). In this way, the impact of occulted
spots on the transmission spectrum can be directly measured.
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Figure 1.7: Left: Image from Wolter et al. (2009) showing a light curve of the transit of
CoRoT-2b, where a bump can be seen as the planet crosses a starspot. Wolter et al.
(2009) used planetary transits to try to understand the starspots on the surface of the
star. The blue line shows a model of what the transit should look like if it didn’t cross
a starspot. The black line shows the model of a planet crossing a single starspot.
The red line is the data (grey) averaged into 224 sec bins. There is a second bump
to the left in the red line, which could indicate a second starspot not included in the
model. Right: Image from Pont et al. (2008) showing the slope of the feature in their
optical spectral light curve compared to wavelength (squares show the data points
and dashed lines show occulted spot models). It can be seen that the feature is more
dramatic at shorter wavelengths, as the data points show an increase in slope with
decreasing wavelength.

Un-occulted Starspots

More difficult to quantify is the effect of un-occulted starspots, which are starspots on
the surface of the star that are not crossed by the planet during its transit. Un-occulted
starspots reduce the brightness of the star compared to the non-spotted ideal and
hence cause the planetary radius to be overestimated. Un-occulted starspots cannot
be directly detected on exoplanet-hosting stars, but must be inferred. For active stars,
long duration monitoring of the stellar flux is required, covering a period of months
before, during, and after the desired transit observation. The stellar variations give an
indication of the activity level and the flux level of the star during the transit observa-
tions compared to the non-spotted level, thus allowing the out-of-transit baseline flux
to be corrected.

One problem is that there are most likely always some spots on the stellar sur-
face, meaning that the maximum flux observed during variability monitoring of this
type is not the non-spotted stellar flux. In order to calibrate transmission specitra,
the stellar flux level during a transit observation needs to be calibrated with respect
to the non-spotted surface. Aigrain et al. (2012) found that the scatter in a variabil-
ity monitoring light curve gives a reasonable estimate of the difference between the
true non-spotted stellar flux level and the maximum flux observed during variability
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monitoring (see Chapter 6).

In practice, depending on the stellar spot temperature, spectral features in the
transmission spectrum (Az(A1)) are not drastically affected at wavelengths longer than
6000 A. What is most significantly affected is the absolute Rp/R, value, which does
not affect the determination of whether specific atmospheric features are present, but
does affect the ability to compare one dataset with another for the same planet taken
at different times. Also, the effects on the transmission spectra of planets are more
severe at blue wavelengths. Two of the targets studied in this thesis are very active,
and so the issues surrounding occulted and un-occulted starspots are discussed in
much more detail in those chapters (Chapters 3 and 6).
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1.4 Introduction to Secondary Eclipses

Often referred to as “occultations” in the exoplanet field, a secondary eclipse occurs
when the planet passes behind the host star from the observer’s point of view, as
shown in Figure 1.8. While | did not use any secondary eclipse data in this thesis,
such observations provide an important complement to transit observations. As such,
| outline the basic methods here, to provide context to my work.
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Figure 1.8: Image from Lopez-Morales (2011) showing an example light curve that
results as a planet orbits its star. It includes the flux decrement seen due to the
planet’s primary transit and due to its secondary eclipse. The decrement resulting
from secondary eclipse is significantly shallower than that of the primary transit.

The resulting drop in light (eclipse depth) during the secondary eclipse com-
pared to just before and just after the secondary eclipse tells observers the brightness
of the planet. The measurement of the eclipse depth has the advantage of being free
from the effects of starspots and assumptions of limb darkening structure. The flux
observed from the planet is a combination of reflected light from the host star and
emitted light from the lower regions of the planet. Since the planet will be consider-
ably cooler than the star, measuring the eclipse depth in the IR is assumed to measure
only the thermally emitted component of the planet’s light, with a negligible reflected
component. The eclipse depth measured in the IR therefore gives the temperature
of the side of the planet facing the observer, at the particular altitude probed by that
wavelength. For a tidally locked planet, the IR secondary eclipse depth measures the
temperature of the day side. Measuring the optical eclipse depth is more sensitive
to reflected light, and can be used to infer the presence of reflective clouds. Intrin-
sic thermal emission from the planet due to Kelvin-Helmholtz contraction is negligible
compared to other emission sources for the day side of a planet (Haswell 2010).
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1.4.1 Secondary Eclipse Spectroscopy and Day Side Tempera-
ture Profiles

The flux from the planet compared to the star at a given wavelength is given by
(Haswell 2010)

mmmzwp Bﬂ@w&f' (1.14)

foa  \a BA(T,) \R.
The first term is the reflected light contribution. The fraction of starlight reflected is

2
) P +

a function of wavelength, which is expressed in the wavelength-dependent geometric
albedo, p,. The amount of light reflected to an observer varies with phase angle, «,
where a = 0 when the planet passes behind the star. ®,(«) is the phase function that
gives the flux at phase angle @. The second term is the thermal emission contribution,
where B,(Tq.y) is the emitted blackbody spectrum of the planet, and B,(7,) is the
brightness temperature of the star, estimated as a function of wavelength by knowing
the star’s spectral type (Haswell 2010; Cowan et al. 2007). In this equation, a is the
distance of the planet from the star, Rp is the radius of the planet and R, is the radius
of the star.

For IR observations, the reflection component can be neglected and the planet
can be treated as a blackbody emitter, which allows the day-side temperature to be
derived from the secondary eclipse depth, AFsg (full derivation in Haswell 2010 and
Appendix D.4):
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where h is Planck’s constant, k3 is Boltzmann’s constant and c is the speed of light in

a vacuum. Different wavelengths probe to different altitudes in the atmosphere. Thus
measuring the day side temperature as a function of wavelength can give a tem-
perature profile of the planet’s atmosphere as a function of altitude. How far a given
wavelength penetrates into the atmosphere depends on the dominant opacity sources
at that wavelength. Therefore, it is useful to observe both the transmission and emis-
sion spectra of a planet, since the transmission spectrum can constrain atmospheric
abundances and hence dominant opacity sources.

It is possible to detect atmospheric spectral features when constructing the
emission spectrum (eclipse depth as a function of wavelength). If a particular at-
mospheric layer is observed, then it is possible to see absorption features in that layer
if the one beneath it is hotter. Conversely, if the atmospheric layer that is observed is
hotter than the one beneath, then atmospheric features are seen in emission. Thus,
the “emission spectrum” can contain both absorption and emission features depend-
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ing on the atmospheric temperature structure. Such observations can be used to de-
tect the presence of molecules such as water and CO, and also to infer the presence
of “inversion layers”, regions where temperature increases as a function of altitude.

Transmission and emission spectroscopy are complementary techniques. Trans-
mission spectroscopy has little dependence on temperature and pressure structure,
and thus is very useful for constraining atmospheric abundances and dominant opac-
ities. Emission spectroscopy gives physical information about temperature structure
as well as showing atmospheric features, but there is a degeneracy between tem-
perature structure and atmospheric composition, since it is unclear what altitude is
being sampled unless the dominant opacity sources at the observational wavelength
are known. Transmission spectroscopy can reduce this degeneracy. Additionally,
transmission spectroscopy is sensitive to atmospheric features in the optical range,
whereas emission spectroscopy is sensitive to longer-wavelength features. Further-
more, the transmission and emission spectra are measured from different parts of a
tidally locked planet; the transmission spectrum from the day-night terminator and the
emission spectrum from the day side.

1.4.2 Bond Albedo and Thermal Recirculation Efficiency

Integrating the wavelength-dependent geometric albedo, p,, over wavelength and
phase, to get the total light reflected from the planet’s surface, gives the Bond albedo,
Ap. Knowing the Bond albedo allows an observer to deduce the energy balance in a
planet. Furthermore, knowing the Bond albedo and knowing the thermal brightness
of a planet at a given wavelength can give an indication of how much stellar heat
and radiation is recirculated from the day side of the planet to the night side (thermal
recirculation efficiency). Thermal recirculation efficiency can be quantified in a num-
ber of ways (see Spiegel & Burrows 2010 and references therein). Firstly, the most
commonly used factor is the geometrical f factor, where

R* 1/2
Ty =T (Z2) 1A= A9 (1.16)

and Ty, is the planet’s day-side temperature (measured from an IR eclipse depth), T,
is the stellar temperature, R, is the radius of the star, and a is the orbital separation of
the star and planet (Spiegel & Burrows 2010; Lopez-Morales & Seager 2007). Perfect
redistribution corresponds to f = 1/4 and zero redistribution corresponds to f = 2/3.
There is a ‘beaming factor’ that increases f by a factor of 4/3 due to the day-side
temperature being peaked toward the centre of the disc (Spiegel & Burrows 2010).
Were that not the case, the value of f for zero redistribution would be 1/2. In the
case for perfect redistribution, f is still equal to 1/4 and no beaming factor is included,
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because perfect redistribution implies that the day side is uniform in temperature. A
derivation excluding the beaming effect is given in Appendix D.5.

Alternatively, thermal recirculation efficiency can be quantified in terms of the
fraction, P,, of incident stellar flux which is removed from the day side to the night
side, for a given pressure level. The value of P, ranges from 0 for no redistribution,
to 0.5 for the day side and night side having the same temperatures (totally efficient
redistribution). In this formalism, the day-side temperature would be given by

R, 17211 1/4
Tqay = T (7) [5(1 -P)( -Ap)| . (1.17)

The factor of % comes from the fact that each hemisphere of the planet is treated
as a blackbody with surface area 27R} (further derivation in Appendix D.5). This
equation suggests that f = %(1 - P,), and it can be seen that f = 1/4 for P, = 0.5.
This is correct for totally efficient redistribution where the day side will have a uniform
temperature. However, this formalism does not account for the beaming effect which
occurs if redistribution is not perfect (Spiegel & Burrows 2010). In this case,

2
f= §(1 - P,). (1.18)

The temperature of the planet can be calculated from the secondary eclipse
depth in the IR using Equation (1.15). At long enough wavelengths, the albedo can
be assumed to be zero, although it is more useful to measure the albedo if possible.
To determine the Bond albedo, optical observations of the secondary eclipse depth
can be used to measure the flux reflected from the planet, Fp.¢, which can be com-
pared to that of the star. At optical wavelengths, the thermal emitted component in
Equation (1.14) is assumed to be negligible, meaning that

Ry

FPref:F*AgE, (1.19)
where F, is the stellar surface flux, A, is the geometric albedo and Rp is the ra-
dius of the planet (Lopez-Morales & Seager 2007). The geometric albedo, A,, is the
wavelength-dependent geometric albedo, p,, integrated over all wavelengths, at a
phase angle of 0 (Seager 2010). Observers cannot technically measure the albedo
at a phase angle of 0 because the planet will be behind the star. The assumption is
therefore made that the albedo at secondary eclipse is close to the albedo at phase
angle 0. While observations only typically cover a small number of wavelengths, the
value of A, is inferred from these measurements. Also, it is not possible to directly
measure Ag because observers do not have access to the reflected spectrum at all
phase angles, so it must be inferred from the observational measurements. Seager
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(2010) show that A, = %AB for a Lambert sphere, which has a phase function of
®,(a@) = cosa. Again this is an assumption. Re-arranging Equation (1.19) shows
that Ap can be derived from the fraction of the stellar flux, F,, reflected back from the
planet:

3FPref aZ
Ap.——|—]. 1.20
=2 F, (Rf,) (1.20)

Knowing both the Bond albedo and planetary temperature from secondary ec-
lipse depths at different wavelengths allows the recirculation factor at the relevant
altitude to be calculated using Equation (1.16) or (1.17). There are complications
with such measurements, because the reflected light overlaps in wavelength with the
thermally emitted light from the planet. This means that often there are multiple values
of Taay, Ag @nd f or P, that match a given dataset. Furthermore, different wavelengths
will probe different pressure regimes, and so the measured day-side temperature and
albedo may not directly correspond to one another. Often, the albedo is assumed
to be 0, based on model predictions (e.g. Seager & Sasselov 2000). Both cases of
efficient and inefficient redistribution have been observed.

Note that, while “equilibrium temperature” is generally used to mean the case
where the energy emitted is exactly balanced by the energy absorbed, there are many
different recirculation efficiencies for which this applies. The “equilibrium temperature”
therefore has a different meaning, and also implies not only a balance of absorbed
vs emitted energy, but also that the energy is emitted from the whole sphere of the
planet uniformly i.e. that f = 1/4. | therefore use “equilibrium temperature” to mean
the case where the energy emitted is exactly balanced by the energy absorbed and
where thermal recirculation is perfectly efficient, unless stated otherwise.
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1.4.3 Phase Curves

Albedo measurements are challenging because the reflected light from a planet is
often not very bright. Therefore, very few albedos have been conclusively measured
and recirculation efficiencies are often calculated from secondary eclipse depths in
the IR based on an assumption of albedo.

A more direct way to constrain the efficiency of atmospheric thermal recircula-
tion is to observe the planet’s phase curve. For a phase curve observation, the system
is observed during a whole or half orbit of the planet around the host star. For a tidally
locked transiting planet, a phase curve shows a gradually increasing brightness af-
ter inferior conjunction, when the night side is observed, with the maximum flux near
superior conjunction when the day side is visible. The amplitude of a thermal (IR)
phase curve measures the day-night temperature contrast, and hence constrains the
efficiency of heat redistribution from day side to night side.

Furthermore, the thermal phase curve can also constrain horizontal wind speeds
by observing the timing of the peak in planetary flux relative to the secondary eclipse,
which corresponds to the hottest planetary longitude (“hotspot”). For a tidally locked
planet, the strong temperature contrast between the permanent day and night sides
along with the orbital rotation creates an eastward equatorial jet, which offsets the
hotspot downstream horizontally in the planet’s atmosphere from the sub-stellar point.
The peak in flux is then observed before the secondary eclipse (Showman et al. 2009;
Showman & Polvani 2011). Measurement of the offset of the hotspot from the sec-
ondary eclipse time gives an indication of the ratio 7.,q/7.4v, Where 1,4 is the radiative
timescale and 7,4, is the advective timescale (Showman & Guillot 2002). Measuring
a phase curve does not require that the planet is transiting. However, an assumption
of orbital inclination has to be made in the case of non-transiting planets to properly
interpret the phase curve amplitude.
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1.5 Literature Review on Exoplanet Atmospheres

This literature review includes work from transmission, emission and phase curves
since they are complementary techniques, and this is the only way to provide a full
overview of the current knowledge regarding hot Jupiters. The literature review also
contains references to my published work detailed in Chapters 3 to 6.

1.5.1 Model Predictions for Hot Jupiters

The first quantitative model exoplanet atmospheres were produced by Seager & Sas-
selov (2000) based on the assumption that hot Jupiter atmospheres are similar to
those of brown dwarfs and on the observed parameters for HD 209458b, a very
favourable target orbiting a bright, Sun-like star (Section 1.5.2). Brown dwarfs have
similar T.g values to hot Jupiters (ranging from ~1100 to ~1600 K), although are less
irradiated. The dominant opacity sources expected in brown dwarfs and cool L dwarfs
by Seager & Sasselov (2000) are H,O, TiO, CO, CHy4, H,-H,, and H,-He collision in-
duced opacities, the alkali-metal lines, particularly the Na I D and K I D doublets'®,
and Rayleigh scattering from H, He and H,. In planets within the temperature range
~1100 to ~1600 K, alkali metals should have strong signatures, since many other ab-
sorbers will have condensed out. Brown (2001) and Hubbard et al. (2001) also predict
strong resonance lines of Na I and K I and an atmosphere otherwise dominated by
H,, H,O, CO and CH,. Such atmospheric features are predicted to be at the 10~* level
above the continuum, requiring high precisions to detect.

There have been several improvements since the first models, including the ad-
dition of extra opacity sources and effects such as thermal ionisation. For the most
studied and favourable targets, Fortney et al. (2010) produced transmission spectra
by solving for radiative transfer combined with the general circulation model (GCM)
of Showman et al. (2009). Such a process means that the effects of opacities in the
atmosphere on radiative transfer are able to feed back into the temperature profile of
the GCM. A similar process was performed by Burrows et al. (2010) using the Univer-
sity of Reading’s Intermediate GCM (see Burrows et al. 2010 and references therein).
Such a task is lengthy and computationally intensive, however, so most model trans-
mission and emission spectra are based on 1D model temperature-pressure (T-P)
profiles. Hereafter, references to the formalisms of Fortney et al. (2010) and Burrows
et al. (2010) refer only to the transmission spectral models based on 1D T-P profiles,
unless stated otherwise.

1OHereafter referred to as Na I and K I doublets or features. When | mention Na I or K 1, | always
refer to the D lines unless specified otherwise.
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Both the model sets of Fortney et al. (2010) and Burrows et al. (2010) include
chemical equilibrium of neutral and ionic species. Chemical mixing ratios and opac-
ities assume solar metallicity and local chemical equilibrium accounting for conden-
sation and thermal ionisation but no photoionisation. As with the earlier models, the
alkali lines dominate both optical spectra, but there are some differences between
current models due to different opacity databases.

Models which depart from solar abundance ratios have been generated by Mad-
husudhan et al. (2011b) and Madhusudhan (2012). These models allow for a range
of C/O ratios. Madhusudhan et al. (2011b) generated model emission spectra for a
range of C/O ratios, which can be used to interpret data, while Madhusudhan (2012)
generated model transmission spectra. The predictions from the original as well as
newer models are discussed in detail below for different parts of the spectra.

Alkali Features and Rayleigh Scattering

Two example model spectra from Seager & Sasselov (2000) are given in Figure 1.9. It
can be seen that the expected transmission spectrum changes depending on whether
or not there is high-altitude cloud cover. If opaque clouds are present at low pressures
in the atmosphere, then they can obscure the atmospheric regions below, making
them inaccessible to transmission spectroscopy. Thus, observers see only the narrow
cores of the predicted atmospheric lines. For a deeper cloud base, the transmission
spectrum is able to measure deeper regions which have higher densities, pressures
and temperatures, and hence where the spectral lines are broader.

Similarly, high-altitude opaque clouds can hide the parts of the predicted Rayleigh
signature where the Rayleigh scattering cross-section is lowest. However, there is a
potential for high-altitude clouds to be formed of very small grains (hazes) which will
themselves produce a scattering signature. In this case, the entire optical spectrum
may be dominated by a Rayleigh signature, and this is seen in observations (e.g.
Section 1.5.2).

Although models have advanced to include a number of different molecules and
effects, such as thermal ionisation, the alkali features and Rayleigh scattering are still
predicted to dominate hot Jupiter atmospheres if high-altitude clouds are absent. Fig-
ure 1.10 shows results from the full 3D simulation based on the formalism of Fortney
et al. (2010), and the dominant absorbers are similar to the original spectra computed
by Seager & Sasselov (2000). Hot Jupiters are predicted to have low albedos due
to the strong absorption from Na I and K I in the atmosphere (Seager et al. 2000;
Sudarsky et al. 2000).
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Figure 1.9: Model transmission spectrum from Seager & Sasselov (2000), showing
expected absorption lines for a hot Jupiter similar to HD 209458b. Upper plot: High
clouds at 2.4 x 1072 bar, where only the narrow cores of spectral features are observ-
able due to obscuring material. Lower plot: Low clouds at 0.2 bar, where the lines are
deeper and the pressure-broadened regions can be observed. Rayleigh scattering
can also be seen to be more important in this case, at the blue end of the spectrum.
Note that 1 bar = 100kPa.
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Figure 1.10: Model transmission spectra using GCMs to model the exoplanet’s at-
mospheres from Fortney et al. (2010), showing the transmission spectrum from the
leading and trailing edge of the planet HD 189733b, which has T, ~ 1200 K.
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The Potential Importance of TiO

The new and old models only agree for a certain temperature range, however. Seager
& Sasselov (2000) predicted no molecular features such as TiO in planets, because
these are expected to have condensed out of the gas phase. However, TiO can be
present and important in hotter planets at around 7' ~ 2000 K, and large TiO bands
could obscure the alkali lines in transmission, depending on atmospheric dynamics
(see Figure 1.11).

1 10

Wavelength [microns] A (microns)
Figure 1.11: Left: Model isothermal transmission spectra from Fortney et al. (2010)
from temperatures of 500 K (bottom) to 2500 K (top), in increments of 500 K. Right:
Model emission spectra including TiO (grey line) and without TiO (black line) from
Hubeny et al. (2003); Burrows et al. (2006) for a planet of T, ~ 2230 K.

Fortney et al. (2008) highlighted the potential importance of TiO and included
it in their atmospheric models above a certain temperature. TiO is potentially im-
portant because it could contribute towards strong thermal inversions (stratospheres)
seen in secondary eclipses. It has been predicted that TiO could trap incoming stel-
lar irradiation high in the atmosphere, causing upper atmospheric heating and lower
atmospheric cooling, thus causing thermal inversions (Hubeny et al. 2003; Burrows
et al. 2006, 2007, 2008; Fortney et al. 2008). Figure 1.11 also shows model emis-
sion spectra for the cases with and without TiO in the atmosphere from Hubeny et al.
(20083); Burrows et al. (2006).

It is still unclear whether observers should expect to see TiO in the upper atmo-
spheres of hot Jupiters, however. The fraction of TiO in the upper atmosphere is very
dependent on macroscopic mixing, and could be depleted from the upper atmosphere
by “cold-trapping”. A cold trap is a region of atmosphere cooler than the atmosphere
above and below it and cold-trapping occurs when a gas condenses into a solid in
such a region and is unable to be lifted up into hotter regions where it could exist
in the gaseous state again. Showman et al. (2009); Spiegel et al. (2009) found that
TiO is potentially cold-trapped out of the upper atmosphere vertically even for planets
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with T, above 2000 K. Furthermore, Spiegel et al. (2009) found that even for WASP-
12b, a planet with T, = 2600 K, with no cold trap on the day side, an effective eddy
diffusion coefficient'’ of K., = 1.6 x 107 cm? s™! or higher is required to lift enough
TiO into the upper atmosphere to cause a strong inversion, meaning that TiO can be
trapped in very low-altitude atmospheric regions where mixing is inefficient. Addition-
ally, condensation may occur on the night side even at higher altitudes. Parmentier
et al. (2013) used a 3D GCM to model the night side cold trap and found effective K,
values that best matched their 3D model results. Comparing their effective K, values
to those required to maintain enough TiO in the upper atmosphere to cause a strong
thermal inversion, they found that the night side cold trap will be able to deplete TiO
efficiently if the particles can condense into sizes above a few microns. Additionally,
an atmosphere with a high C/O ratio will reduce the amount of TiO in the atmosphere
(Madhusudhan et al. 2011a; Madhusudhan 2012).

Sulphur Containing Species

At temperatures between 1200 and 2000 K, Zahnle et al. (2009b) predicted that ther-
mal inversions could be caused by sulphur-containing species and considered the
importance of H,S, S, S, and HS in hot Jupiter atmospheres.They found that H,S is
the important S-containing species at lower altitudes, whereas S is the most important
at high altitudes, below 0.001 bar (See Figure 1.12). Surprisingly, they find that the
results are not sensitive to temperature and insolation, which suggests that thermo-
chemical equilibrium is more important than photochemistry or kinetics. S, absorbs
in the UV between 240 and 340 nm at temperatures above 1200 K, while HS should
absorb strongly between 300 and 460 nm. Such features should be detectable us-
ing transmission spectroscopy, as shown in Figure 1.12. Additionally, Zahnle et al.
(2009a) showed that sulphur-containing soots could form on planets with tempera-
tures between 800 and 1200 K.

A coefficient which governs the efficiency of vertical transport and wind speeds in one-dimensional
models.
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Figure 1.12: Left: Mixing ratios of various important sulphur-containing species as a
function of pressure for an isothermal 1400 K atmosphere from Zahnle et al. (2009b).
Right: Pressure levels of the T = 1 surface as a function of wavelength for three
different metallicities from Zahnle et al. (2009b). Two incident stellar spectra, one for
the Sun and another for a KOV dwarf are shown for comparison.

IR Molecules

Models developed over recent years predict many molecules in the near-1R, including
H,0O, CO and CH,, depending on planetary temperatures and chemical composition
(Brown 2001; Sharp & Burrows 2007; Fortney et al. 2010; Burrows et al. 2010). The
presence of many predicted molecules depends on temperature and atmospheric
abundance ratios. The CO/CH, ratio depends critically on temperature. For hotter
atmospheres, above ~ 700 K for a pressure of 10~* bar, CO will dominate over CHy,
and CO features will be seen in the IR transmission spectrum rather than CH, features
(see Figure 1.11). Thus, observations of the CO/CH, ratio can constrain the atmo-
spheric temperature. Additionally, the C/O ratio is important in determining dominant
atmospheric opacity sources, with H,O and CO, becoming more abundant when C/O
< 1 and CHy4, HCN and C,H, enhanced if C/O > 1 (Madhusudhan 2012; Moses et al.
2013). Model transmission spectra for different C/O ratios are shown in Figure 1.13.

Transmission spectroscopy in the near-IR of relatively hot planets is very use-
ful because opacities in the 1-1.6 um range are dominated by water, with methane
opacities at these wavelengths having disappeared. Therefore, observation at these
wavelengths can directly constrain the C/O ratio and can be useful in constraining
longer-wavelength observations, where bandheads are composed of both CO and
H,O.
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Figure 1.13: Model transmission spectra from Madhusudhan (2012) assuming differ-
ent C/O ratios (the solar C/O ratio is 0.5, Lodders 2003).

Atmospheric Escape

Since many hot Jupiters orbit so close to their host stars, they receive extreme amounts
of stellar irradiation and it is possible that the planets may experience atmospheric es-

cape. For example, Ehrenreich & Désert (2011) predicted escape rates for many exo-

planets by comparing each planet’s gravitational potential energy to the stellar X/EUV
energy deposited in the atmosphere, and found rates between 10° and 10! g s™!

depending on the planetary system. Atmospheric escape can be measured directly

in the UV transmission spectrum for the brightest targets by looking for signatures of
neutral or ionised species and measuring the blueshift of the spectral lines.

Model Differences and Future Work

There are some differences between existing models. For example, the opacity data-
base included in the models of Burrows et al. (2010); Howe & Burrows (2012) in-
cludes CrH, FeH, CaH and TiH among others, which are not included in the models of
Fortney et al. (2008, 2010) (see references within these papers for details of opacity
lists and abundances used). Figure 1.14 shows transmission spectra based on both
formalisms for the same planet. Clearly there are differences, however since the pre-
cisions required to detect features in transmission are so high, many observations are
not able to distinguish between the two models. Currently, many observations are lim-
ited to simply confirming whether or not TiO is present in the atmosphere, or whether
there is high altitude cloud cover. For the purposes of observations, therefore, these
two models represent a similar case of exoplanet atmosphere.

However, not all models agree to such an extent. For example, Shabram et al.
(2011) compared models based on the formalism of Fortney et al. (2010) to mod-
els developed by Beaulieu et al. (2010), and found differences which are larger than
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can be explained by differences in opacity databases alone. By comparison with
simple analytic relations, they showed that the amplitude of features in the models
of Beaulieu et al. (2010) are larger than expected for exoplanet atmospheres (also

shown in Figure 1.14).
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Figure 1.14: Left: Model transmission spectra from Fortney et al. (2010) (blue) and
Burrows et al. (2010) (green). Both formalisms use solar abundances but the models
of Burrows et al. (2010) include some opacities which are not included in the models
of Fortney et al. (2010). Both models are for the planet WASP-19b, which has an equi-
librium temperature of ~ 2000 K. Right: Figure from Shabram et al. (2011) comparing
their models (black) with those of Beaulieu et al. (2010) (orange) and simple analytic
models (green and red lines). Both models are for a 1500 K isothermal atmosphere
with the same surface gravity.

There are also some important neglected effects in all the current models for
hot planets. One of the most important ones is photo-ionisation and photochemistry,
which can strongly influence the chemical abundances in such highly irradiated plan-
ets (e.g. Moses et al. 2011). Photochemistry has started to be considered in the
transmission spectra of cooler planets, though (Zahnle et al. 2009b; Shabram et al.
2011).

Furthermore, it is only recently that the effects of clouds have started to be
included in models other than simply to cut off absorption features at a certain depth.
High altitude clouds can cause inversion layers higher up in the atmosphere than the
stratosphere, reduce fluxes in the IR emission spectrum, and can also increase the
albedo of the planet and hence significantly affect its energy budget (e.g. Kitzmann
et al. 2011; de Kok et al. 2011; Heng et al. 2012).



1.5. LITERATURE REVIEW ON EXOPLANET ATMOSPHERES 46

1.5.2 Observations of Well-Studied Targets

The hot Jupiters HD 209458b and HD 189733b have so far dominated characterisa-
tion studies because they orbit bright host stars (V=7.6 for HD 209458 and V=7.8 for
HD 189733). The large number of photons enables high precision observations, and
these two planets have been studied in some detail. HD 189733b is roughly Jupiter
mass and size, but HD 209458b has a bloated radius and is less dense. HD 209458b
has an equilibrium temperature of ~ 1450 K, while HD 189733b has an equilibrium
temperature of ~ 1200 K. More recently, extensive observations have additionally fo-
cussed on GJ 1214b, a super-Earth of 6.55 Mg, transiting an M dwarf star. Although
its atmospheric scale height is small, its host star is also small, at only 0.21 R, (Char-
bonneau et al. 2009), meaning a deeper transit depth and hence larger detectable
atmospheric signals than if the host star were sun-like.

This small sample of planets is currently the only source of detailed obser-
vations for exoplanets. Although exoplanet characterisation surveys are beginning,
these favourable targets provide a framework in which to analyse the bulk proper-
ties that can be derived from other, less favourable targets. | will firstly discuss the
current state of knowledge regarding HD 209458b, HD 189733b and GJ 1214b and
then proceed to describe the rapidly increasing number of observations resulting from
studying other targets.

HD 209458b

HD 209458b appears to have a cloudless upper atmosphere with many of the pre-
dicted atmospheric features present. The optical transmission spectrum shows that
the atmosphere of HD 209458b contains sodium at the predicted level measured
using the Na I feature, but no evidence of the predicted potassium K I feature (Char-
bonneau et al. 2002; Narita et al. 2005; Knutson et al. 2007b; Barman 2007; Snellen
et al. 2008; Sing et al. 2008a,b). A benefit of such a bright target is that it provides
high enough precision to enable the shape of the sodium feature as a function of
wavelength to be well determined. In HD 209458b, the sodium absorption line profile
shows a narrow absorption core and broader plateau-like shape rather than smoothly
decaying wings (Sing et al. 2008a,b). As explained by Vidal-Madjar et al. (2011b),
the absorption depth should be greater towards the core of the feature due to an
increase of the absorption cross-section. A plateau region could indicate an abun-
dance drop, where the increase in the cross-section is compensated for by the de-
crease in atomic sodium abundance in the altitude regions sensed. The observation
of pressure-broadened line wings shows that the Na I feature is observed deep in the
atmosphere, and suggests a relatively cloud-free and haze-free upper atmosphere.
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There is also an extra absorber in the optical spectrum redward of the sodium lines,
and Désert et al. (2008) show that this could be due to low levels of TiO and VO.

The UV spectrum shows large absorption signatures in the Lyman a H | line,
O I and C Il lines, which extend beyond the Roche lobe, demonstrating that atmo-
spheric escape is occurring and that the blow-off of the hydrogen gas drags up heavier
species (Vidal-Madjar et al. 2003, 2004; Linsky et al. 2010). Vidal-Madjar et al. (2003)
estimated the escape rate to be > 10'° g s7!, consistent with predictions (Lammer
et al. 2003; Lecavelier des Etangs et al. 2004). Absorption has also been observed
around the Ha feature, with a shallower transit depth than the Lyman a observa-
tions (Jensen et al. 2012; Astudillo-Defru & Rojo 2013). Additionally, the transmission
spectrum shows a blueward slope of increasing absorption depth as a function of de-
creasing wavelength. While initially thought to be due to a Balmer jump (Ballester
et al. 2007), Lecavelier Des Etangs et al. (2008b) showed that the spectrum is better
fit by a Rayleigh scattering profile, which would be due to scattering by H, particles.

In the IR, high resolution spectroscopy by Snellen et al. (2010) detected CO
in the atmosphere in the spectral range 2,291 to 2,349 nm with resolving power
R = 100,000, despite not being detected at 2 um with R = 25,000 by Deming et al.
(2005). Additionally, Snellen et al. (2010) saw that the signal was blueshifted by ap-
proximately 2 km s~!, suggesting strong east-west winds in the atmosphere.

There is still a discrepancy between the observed transmission spectra in the
1.1 to 1.6 um range, where there should be prominent water features. Barman (2007)
used the STIS data of Knutson et al. (2007b) to show evidence of water features in
the near-IR which were consistent with their chemical equilibrium models. However,
Deming et al. (2013) find muted water features in the spectrum of HD 209458b with
WEFC3, 0.57 times the expected amplitude from solar abundance models. Both instru-
ments have proven reliable in the past for exoplanet transmission spectroscopy, so
the source of the discrepancy is unknown. At longer wavelengths, the transit radius
at 24 um is consistent with clear atmosphere models and the radii measured in the
optical (Richardson et al. 2006; Crossfield et al. 2012c). There is also a possibility that
there is a water signature in the Spitzer IRAC'? bands from 3.6 to 8.0 um (Beaulieu
et al. 2010), but the interpretation of the transmission spectrum in these bands is
complicated since the variations in transit depth are larger than those predicted by
many models (Shabram et al. 2011). Figure 1.15 shows a summary of the currently
observed optical to near-IR transmission spectrum of HD 209458b.

'2InfraRed Array Camera
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Figure 1.15: Left: Optical transmission spectrum of HD 209458b adapted from Sing
et al. (2008b) showing the Na I doublet, Rayleigh scattering and possible TiO/VO ab-
sorption. Right: Near-IR transmission spectrum of HD 209458b adapted from Deming
et al. (2013).

HD 209458b has also been observed extensively during its secondary eclipse,
with Spitzer IRAC results showing that the planet has a temperature inversion and
water emission (Knutson et al. 2008). Water, methane and CO were found to be
present with NICMOS'® measurements, but it was later shown that the systematics'
of the NICMOS instrument were worse than previously thought and that it lacks the
precision to detect atmospheric components in exoplanets (Swain et al. 2009; Gibson
et al. 2011).

The measurements of secondary eclipse depth as a function of wavelength
give the day side temperature profile as a function of altitude. Furthermore, tempera-
ture information on the upper atmospheric terminator can be gained by observing the
sodium Na I doublet at high resolution, as done by Vidal-Madjar et al. (2011b,a). More
detail on this technique is given in Chapter 3, but essentially, the atmospheric scale
height is larger for a higher temperature, resulting in a more inflated atmosphere. A
more inflated atmosphere results in an extended line profile shape, with the gradient of
measured transit radius as a function of wavelength becoming steeper. Thus, one can
identify regions of different atmospheric temperature by measuring the derivative of
the transit radius as a function of wavelength around the sodium feature. Figure 1.16
shows the T-P profiles that produce the best-fitting model spectra for the secondary
eclipse data, along with the observed terminator T-P profile of the upper atmosphere
overplotted with models.

8Near Infrared Camera and Multi-Object Spectrometer
14A “Systematic” in this context means a contaminating flux variation as a function of some instru-
mental, Earth-based or astrophysical origin.
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Figure 1.16: Left: Day side T-P profile for HD 209458b from Crossfield et al. (2012b)
used to generate model spectra to match their data (24 um) and that of Knutson et al.
(2008) (3.6, 4.5, 5.8 and 8.0 um). Also shown is the corresponding terminator 7-P
profile. Right: Measured terminator T-P profile for HD 209458b from Vidal-Madjar
et al. (2011b,a), measured from observations of the Na I doublet using their analysis
of medium resolution data and also the higher resolution results of Snellen et al.
(2008) taken using Subaru. Overplotted are various models for the upper and lower
atmosphere.

The day side T-P profile shows a temperature inversion, predicted by the model
to be caused by TiO. The terminator T-P profile shows another inversion higher up,
which is most likely the base of the thermosphere, the region where the temperature of
the atmosphere starts to increase as a function of altitude due to the stellar irradiation.
Models of the upper atmosphere and atmospheric escape predict that temperatures
in the thermosphere could reach up to 10,000 K (Yelle 2004; Tian et al. 2005; Garcia
Munoz 2007), and the observations are consistent with these predicted temperatures.
The base of the thermosphere is not adequately modelled, which may explain why the
observed thermosphere is at higher pressures than the models predict.

So far, no phase curve measurement exists for HD 209458b that can be used
for any interpretation. The only attempt so far has been at 24 um by Crossfield et al.
(2012c), but long duration instrumental sensitivity variations over the course of the
observations prevented any interpretation.

Overall, the picture that is emerging of HD 209458b is of a cloud-free atmo-
sphere, with a stratosphere, possibly caused by TiO. There is evidence for absorption
from Na I and Rayleigh scattering from H, in the transmission spectrum, along with
water seen in the day side spectrum and in transmission. Atmospheric escape has
been observed beyond the Roche lobe, and observations are able to detect the base
of the thermosphere.
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HD 189733b

The predicted equilibrium temperature of HD 189733b is only ~ 250 K cooler than
that of HD 209458b assuming that both planets have zero albedo and totally efficient
day-night heat transport. However, HD 189733b orbits a much cooler, more active
star and the planet appears to have very different properties to HD 209458b. The
most striking feature is that the whole optical transmission spectrum is dominated by
a Rayleigh scattering signature, indicative of a small-particle haze high up in the at-
mosphere (Pont et al. 2008; Lecavelier Des Etangs et al. 2008a; Sing et al. 2011b).
There is no evidence for the pressure-broadened line wings of the Na I lines as seen
in HD 209458b or the K 1 lines, although the narrow cores of both features are found to
be visible, meaning that atomic sodium and potassium are present, but that the wings
are obscured by the high-altitude scattering haze (Pont et al. 2008; Redfield et al.
2008; Jensen et al. 2011; Huitson et al. 2012; Pont et al. 2013). Additionally, as with
HD 209458b, the medium resolution HST'® observations show evidence of a thermo-
sphere in the upper atmosphere of HD 189733b (Huitson et al. 2012). However, due
to not knowing the species responsible for the scattering signature, the pressure level
of the thermosphere base remains unknown (more details in Chapter 4).

In the near-IR to IR, the picture has been more complicated. Water has been
detected in the day side spectrum (Grillmair et al. 2008) but spectroscopic observa-
tions in transmission have proved inconclusive. Water and methane features were
observed in HD 189733b using HST NICMOS (Swain et al. 2008), but follow-up ob-
servations using the same instrument found results to be consistent with no water, or
a high altitude haze obscuring water features (Sing et al. 2009). However, the most
recent reductions (Gibson et al. 2011, 2012b) show that the results are very depen-
dent on the de-correlation methods used to deal with systematic trends. Therefore
the NICMOS observations do not have the precision to either confirm or deny the
presence of molecular near-IR features, either in transmission or emission, when un-
certainties due to de-correlation methods are taken into account. The HST WFC3'6
has improved on the precision available using NICMOS, and new observations using
WFC3 by Gibson et al. (2012a) suggest that in HD 189733b, the haze does extend
into the near-IR, covering the predicted solar-abundance molecular features. The ob-
servations are not precise enough to rule out weaker features, but solar abundance
features can be ruled out. By putting all the existing optical and IR observations to-
gether, Pont et al. (2013) also find results consistent with either haze or weaker than
predicted molecular features redward of 1.1 um.

SHubble Space Telescope
6Wide Field Camera 3
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Transmission spectroscopy in HD 189733b is made more complicated than for
HD 209458b because the star is very active, with optical stellar flux varying by ~ 3 %
over a stellar rotation period (Pont et al. 2007; Henry & Winn 2008; Pont et al. 2013;
Aigrain et al. 2012). Although more significant at shorter wavelengths, Désert et al.
(2009, 2011b) showed that even in the 3.6 um waveband, stellar activity can produce
variations in the measured transit radius at different epochs comparable to the size
of predicted features. Although water has been detected in transmission at 3.6 and
5.8 um with Spitzer (Beaulieu et al. 2008; Tinetti et al. 2007), Désert et al. (2011b)
found that the effect of stellar activity variations on spectral features means that the
water detection cannot be confirmed. Furthermore, Ehrenreich et al. (2007) also
analysed the Spitzer data and found that the precision is not high enough to confirm
the water features. Both Désert et al. (2009) and Knutson et al. (2012) found possible
evidence for CO in the IR transmission spectrum, but again this is limited by stellar
activity constraints. Variations of 6 mmag'’ were also seen in the 8 um transit depth
when comparing 7 transits taken over ~ 590 days (Agol et al. 2010).

One advantage of observing the emission rather than the transmission spec-
trum is that it is not affected by stellar activity. Even so, observations require high pre-
cisions and are very challenging, meaning that many results remain controversial. For
example, some studies found a significant emission feature at 3.25 um, which could
be due to non-LTE methane chemistry (Swain et al. 2010; Waldmann et al. 2012).
However, the same feature was not found in other studies (Mandell et al. 2011). Also,
while Charbonneau et al. (2008) found evidence in the spectrum at 3.6, 4.5, 5.8, 8.0
and 24 um to confirm the water detection of Grillmair et al. (2008), this is inconsistent
with the results of Grillmair et al. (2007). Additionally, Swain et al. (2009) detected
absorption from H,O, CO and CO, in the day side spectrum with NICMOS. However,
there have been some difficulties discovered in interpreting NICMOS data, so these
results should be confirmed by other instruments.

Some properties have been confirmed, however. For example, the day side
lacks a temperature inversion (Deming et al. 2006; Charbonneau et al. 2008; Swain
et al. 2009). Also, CO absorption has recently been detected using high resolu-
tion spectroscopy in the day side spectrum (Rodler et al. 2013; de Kok et al. 2013).
There is also evidence that the brightness temperatures at wavelengths longer than
8 um are higher than predicted by clear atmosphere models and that the atmosphere
looks isothermal at long wavelengths (Deming et al. 2006; Charbonneau et al. 2008;
Knutson et al. 2012). Pont et al. (2013) suggest that the haze seen in transmission
provides an explanation for these observations since the scattering and absorption
caused by hazes means that the altitudes sampled by different wavelengths are closer

"Here, and in the rest of the thesis, mmag is used to mean 0.1 %.
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together than they would be in a clear atmosphere. Figure 1.17 shows a summary of
the currently known properties of HD 189733b.
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Figure 1.17: Left: Transmission spectrum constructed from existing literature by Pont
et al. (2013) including stellar activity corrections. Where more than one measurement
is available for the same wavelength, the results are averaged assuming no time vari-
ability in the transmission spectrum, after stellar activity is accounted for. The original
data are from Pont et al. (2008); Swain et al. (2008); Sing et al. (2011b); Huitson
et al. (2012); Gibson et al. (2012a); Désert et al. (2009, 2011b); Deming et al. (2006);
Knutson et al. (2007a); Charbonneau et al. (2008); Knutson et al. (2009b, 2012).
Right: Terminator T-P profile for HD 189733b from Huitson et al. (2012), based on
the assumption that the Rayleigh scattering signature seen in the optical transmis-
sion spectrum is due to high-altitude atmospheric haze at a reference pressure of
10~* bar. The thick vertical bars indicate isothermal atmospheric regions, and do not
include the uncertainty in reference pressure. The data include the 1340 K tempera-
ture and pressure derived for the continuum by Lecavelier Des Etangs et al. (2008a)
combined with the 1280 K temperature measured for the near IR continuum by Sing
et al. (2009). The plot also shows lower altitude points from secondary eclipse ob-
servations of Knutson et al. (2007a, 2009b), Charbonneau et al. (2008) and Deming
et al. (2006). The temperatures measured by Charbonneau et al. (2008) and Deming
et al. (2006) were adjusted to the terminator temperature by Heng et al. (2012). T-P
model profiles are shown for the lower altitude regions in red (Fortney et al. 2010).
For the higher altitudes, models for the upper atmosphere of HD 209458b are shown
for comparison, where the black solid line is the T-P profile from Yelle (2004) and the
dot-dashed line is from Garcia Mufioz (2007).

Unlike HD 209458Db, several phase curves have been measured for HD 189733Db,
which shed further light on the planet’s properties. Phase curves have been mea-
sured at 3.6, 4.5, 8.0 and 24 um with Spitzer (Knutson et al. 2007a, 2009b, 2012).
The first interesting observation is that the day side and night side temperatures are
only ~ 250 K different in the 4.5, 8.0 and 24 um bands, suggesting that thermal re-
distribution is efficient at the altitudes probed by these wavelengths, and also that the
efficiency is similar at the three altitudes. Interestingly, the phase curve amplitude
is higher at 3.6 um, showing a temperature difference of ~ 500 K. The increased
phase curve amplitude at 3.6 um suggests that the 3.6 um wavelength is sampling a
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higher atmospheric layer than the 4.5 um wavelength, where the radiative timescale
is shorter. Clear atmosphere models predict the opposite, since they predict higher
opacities at 4.5 um than at 3.6 um. The haze observed in transmission, however,
has lower opacities for longer wavelengths and so would explain the observations.
The second interesting observation is a smaller than expected hotspot offset. A small
hotspot offset was initially explained by a non-synchronous'® rotation of the planet
(Knutson et al. 2012). However, a more plausible explanation is that the high alti-
tude haze moves the photosphere to lower pressures where the radiative timescale
is shorter, which would lead to a smaller hotspot offset (Pont et al. 2013; Showman &
Guillot 2002).

Finally, one thing that the two most-studied planets do have in common is their
escaping atmospheres, although the best fit to the data for HD 189733b is an escape

rate of ~ 10° g s™!

, which is lower than that of HD 209458b. The escape rate was
determined from resolved Lyman a observations of Bourrier et al. (2013); Lecavelier
des Etangs et al. (2012) using STIS'®, who also noticed evidence of temporal variabil-
ity in the escape signature. The estimate is lower than that of 10!° g s™! determined
from unresolved ACS?° observations of the Lyman « line observed by Lecavelier Des
Etangs et al. (2010), which could be due to temporal variability or simply lack of reso-
lution. Observations of the Ha line suggest lower velocities of escaping material and,
similar to HD 209458b, show a shallower transit depth than the Lyman a observa-
tions, suggesting that the two lines sample different atmospheric regimes and that
ionisation is stronger than predicted (Jensen et al. 2012; Christie et al. 2013). There
is also some evidence of blue-shifted absorption in the post-transit data, suggesting
a cometary-like absorption tail. Ben-Jaffel & Ballester (2013) detected significant ab-
sorption from O | and obtained a possible detection of C Il with early ingress. The
broad shape of the line detected during transit suggests that there must be a very hot
layer of O | high in the atmosphere, unless abundances are drastically super-solar
(which would cause large observable line wings without excess line broadening). Ad-
ditionally, Lecavelier des Etangs et al. (2012) provided contemporaneous X-ray ob-
servations using XMM-Newton and used this to estimate the total luminosity across
the X-ray/EUV band and hence a 1% efficiency in the conversion of input energy into
mass loss. The XMM-Newton observations are consistent with other X-ray obser-
vations (Pillitteri et al. 2010, 2011; Poppenhaeger et al. 2013). Interestingly, these
latter authors also found evidence over multiple epochs that the planet affects stellar
activity, by observing that flares appear to be linked to the planetary phase.

18 tidally locked planet usually rotates synchronously i.e. its rotation period is the same as its orbital
period.

19Space Telescope Imaging Spectrograph

20Advanced Camera for Surveys
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In summary, HD 189733b displays a haze-dominated atmosphere, very different
from that of HD 209458b. The Rayleigh slope observed over so many atmospheric
scale heights suggests that particle sizes must be small, and of similar size through-
out the upper atmosphere. Narrow line cores of the alkali features are detected, but
no broad-band features. A high altitude haze can explain such otherwise puzzling fea-
tures as an isothermal atmosphere up to the base of the thermosphere and a smaller
than expected hotspot offset. Due to its proximity to its host star, the upper atmo-
sphere of HD 189733b is escaping, with the detection of metals high in the exosphere
suggesting a similar mechanism to that of HD 209458b.

GJ 1214b

GJ 1214b is the first intensively studied planet exploiting the ‘M dwarf’ opportunity,
where planets orbiting small stars will give larger transit depths, rather than the ‘bright
star’ opportunity, where large numbers of photons increase observational precision.
GJ 1214 has a stellar radius of only 0.21 R and so presents a unique opportunity to
study a super-Earth (or possibly a mini-Neptune) exoplanet. GJ 1214 has a V magni-
tude of 14.7 and an H magnitude of 9.1, making it ideal to observe in the IR. The planet
has an equilibrium temperature of ~ 560 K and should therefore have a very different
spectrum from a hot Jupiter, with methane dominating the near-IR and IR opacities
rather than CO, and with the alkali metals condensed out of the gas phase, resulting
in them not being present in the upper atmosphere. In this thesis, | have concentrated
on observations and expectations for hot Jupiters. However, GJ 1214b has now been
so extensively observed that it needs to be mentioned here. Furthermore, it is one
of my long-term goals to eventually move towards characterising smaller exoplanets,
and GJ 1214b will provide a useful well-studied comparison for such observations.
The picture of GJ 1214b has been somewhat controversial, although most re-
sults agree that the transmission spectrum is relatively featureless (Bean et al. 2011;
Berta et al. 2012; Désert et al. 2011a; Crossfield et al. 2011; de Mooij et al. 2012).
A featureless spectrum suggests either a high mean molecular weight, which re-
duces the atmospheric scale height and hence spectral features, or a global cloud
or haze layer preventing observations from reaching deep into the atmosphere as in
HD 189733b. There are, however, some observations which do suggest features in
the transmission spectrum at the level expected if the atmosphere were cloud-free and
dominated by light elements such as hydrogen (Croll et al. 2011a, J and K bands).
The reason for the discrepancy is still unknown. Narita et al. (2013b) also performed
narrow-band photometry in J, H and K bands, but found results consistent with a flat
spectrum. Désert et al. (2011a) obtained results in the 3.6 and 4.5 um Spitzer bands,
from two light curves, which were later refined by Fraine et al. (2013), who measured
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14 transits at 4.5 um and 3 transits at 3.6 um. The new observations eliminate cloud-
less H-dominated models. A summary of all the results is shown in Figure 1.18.

It is difficult to tell with only IR observations whether GJ 1214b has an atmo-
sphere with a high mean molecular weight or whether it is less dense but has an
obscuring cloud or haze layer. Optical observations can constrain this degeneracy
by looking for possible Rayleigh scattering signatures. The observations of de Mooij
et al. (2012) do suggest evidence of a Rayleigh scattering signature in optical g and r
bands. However, further observations by de Mooij et al. (2013) and Teske et al. (2013)
show that the conclusions are not yet certain. Observations by Narita et al. (2013a) in
B band were also inconclusive with regard to the transit depth, although the authors
also performed long-term monitoring of the star and found variability at the 2.1 + 0.4 %
level in g’ band with a period of 44.3 + 1.2 days. They also found semi amplitudes
of 0.56 + 0.08 % in R. band and 0.32 + 0.04 % in I. band, suggesting that caution
should be employed when interpreting the photometric results. Figure 1.19 shows
more clearly the transmission spectrum of GJ 1214b at optical wavelengths, although
it does not include the results of Narita et al. (2013a). Another constraint on the at-
mospheric type could come from the detection of Ha in the transmission spectrum,
although so far results for this feature are inconclusive (Murgas et al. 2012).
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Figure 1.18: Summary of current results for the transmission spectrum of GJ 1214b
from Narita et al. (2013a) compared to models for a low mean molecular weight atmo-
sphere (left) and a high mean molecular weight atmosphere (right). The models are
based on the formalism of Howe & Burrows (2012).
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Figure 1.19: Summary of current optical results for the transmission spectrum of
GJ 1214b by de Mooij et al. (2013). The filled circles are the observations from
their work, the filled stars are from de Mooij et al. (2012), the open triangles are
for data from Bean et al. (2011), and the open squares are for data from Teske et al.
(2013). Overplotted are three models for the atmosphere of GJ1214b: a hydrogen-
dominated atmosphere with solar composition (green line), a hydrogen-dominated at-
mosphere with clouds and low methane abundance (red line) and a water-dominated
atmosphere (blue line). The dashed curves at the bottom are the transmission curves
for the different filters. Note that for clarity the filter curves for the data from Bean et al.
(2011) have been omitted, since they are effectively flat.

1.5.3 Further Observations of More Planets
Optical Transmission Spectra

Atmospheric surveys of multiple planets are now beginning, with understanding of the
trends found anchored by the detailed properties of the most favourable cases. A large
area of expansion has been transmission spectroscopy at optical wavelengths, where
the blackbody spectrum from typical host stars peaks. Observations have now been
carried out from both ground and space, searching for a variety of optical features.
Some of the results are surprising when compared to predictions.

Firstly, the sodium feature has only been confirmed in three exoplanets besides
HD 209458b and HD 189733b, which are WASP-17b, XO-2b and HAT-P-1b (Wood
et al. 2011; Zhou & Bayliss 2012; Sing et al. 2012; Nikolov et al. 2013b), and the
potassium feature has only been detected in two; HD 80606b and XO-2b (Colén
et al. 2012; Sing et al. 2011a). The detection in HD 80606b is much larger than
predicted and could be due to an escaping atmosphere. However, the detection is
~ 10 nm away from the rest-frame line centres and so is difficult to explain even with
atmospheric escape. Only XO-2b has both sodium and potassium features confirmed
in its atmosphere, while HAT-P-1b shows evidence of only the sodium feature but
no potassium feature. For the other two planets, observations concentrated on one
species alone, and so the presence or absence of the other cannot be ruled out or
confirmed. In the case of XO-2b, the sodium feature is less than 50 A wide, suggesting
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some haze or cloud cover obscuring the broader wings. Additionally, the observations
of the sodium feature in WASP-17b tentatively suggest a lack of observable broad line
wings. Conversely, the atmosphere of WASP-29b does not contain evidence of the
predicted Na I feature at a resolving power of 430 (resolution of ~ 14 A at 6000 A).
The observations suggest either a high altitude cloud or haze layer obscuring the
unresolved line cores, or that Na I is not present in the upper atmosphere, and may
have condensed into heavier compounds since the equilibrium temperature of the
planet is 970 K. The transmission spectrum of WASP-23b, observed in 7 GROND?'
passbands simultaneously is consistent with the clear atmosphere model, but further
conclusions cannot be drawn from the data (Nikolov et al. 2013a). There is also
tentative evidence to suggest sodium absorption in HD 149026b (Jensen et al. 2011).
The transmission spectrum of HAT-P-1b taken with HST STIS can be fitted just
as easily by Rayleigh scattering or a high altitude cloud of larger grains (Nikolov et al.
2013b). There are also similar hints of a Rayleigh slope in the hot exoplanet WASP-
12b (Sing et al. 2013), although the temperature required to fit the observations is
much lower than expected for the planet, suggesting again, larger grains are im-
portant. Higher resolution observations around the predicted sodium and Rayleigh
signatures could not confirm or rule out those features (Copperwheat et al. 2013).
One interesting result so far is that there has been no conclusive evidence for
TiO features in an exoplanet transmission spectrum. Two planets at the required
temperatures have been studied; WASP-19b, which has an equilibrium temperature
of ~ 2000 K, and WASP-12b, which has an equilibrium temperature of ~ 2600 K.
WASP-19b shows no evidence for predicted TiO features at the 2.7 — 2.9 o signifi-
cance level (Huitson et al. 2013, discussed in more detail in Chapter 6). Lendl et al.
(2013) also find no evidence of TiO in r’, z’ and I+Z’ filters, although this is photometry
taken over multiple epochs and could suffer from variability effects, since WASP-19 is
a very active star. Mancini et al. (2013) also used photometric evidence to suggest
a lack of TiO using simultaneous 7-band GROND observations. However, while the
authors accounted for occulted starspots, the work has no correction for un-occulted
starspots and the conclusions are based on absolute transit depths in the optical com-
pared to the near-IR, which can be drastically affected by un-occulted starspots (see
Chapter 6). WASP-12b also shows no signs of the predicted TiO features (Sing et al.
2013). These results are consistent with ground-based Gemini observations, which
find the spectra inconsistent with cloud-free models but cannot confirm nor rule out
TiO features (Stevenson et al. 2013). Knutson et al. (2010) showed a correlation be-
tween stellar activity and the lack of strong planetary thermal inversions, as measured
by the 3.6 um and 4.6 um Spitzer occultation depths. They suggested that the cor-

21Gamma Ray burst Optical and Near-infrared Detector
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relation might be caused by stellar activity breaking down the molecules responsible
for strong thermal inversions. This may be the case for the atmosphere of WASP-
19b. However, WASP-12 is a quiet star, suggesting that rainout?® could instead be
responsible for the lack of observed TiO in the upper atmospheres of these planets.
Observations which better constrain atmospheric dynamics, such as phase curves,
would be a useful test of this hypothesis and | will observe the near-IR phase curve of
WASP-19b with HST WFC3 for this purpose in 2014.

IR and Near-IR Transmission Spectra

After the difficulty of obtaining near-IR transmission spectra in the past, conclusive
observations are finally starting to be made. It was confirmed by Crouzet et al. (2012)
that extracting planetary spectra is at the limits of NICMOS’ capability, and these au-
thors confirmed that the NICMOS transmission spectrum of XO-2b is consistent with
either a water detection or a flat spectrum. Recently, WFC3 has provided a dramatic
improvement over NICMOS in reliability. Follow-up observations of XO-1b, where wa-
ter was previously detected with NICMOS (Tinetti et al. 2010) and then shown to be
inconclusive (Gibson et al. 2011), now show muted water features at an amplitude of
0.84 times the predicted level (Deming et al. 2013). Unlike any of the previously stud-
ied planets, the transmission spectrum of WASP-19b has been observed with WFC3
and Magellan to show the 1.4 um water feature consistent with clear-atmosphere so-
lar abundance models (Bean et al. 2013; Huitson et al. 2013; Mandell et al. 2013,
Chapter 6). The Magellan spectrum could be consistent with muted features how-
ever, and fits well to both C-rich and O-rich models. Additionally, the observations are
unable to confirm or reject the presence of water features at longer wavelengths. Sim-
ilarly, HAT-P-1b has recently been observed to have a water feature in transmission
in agreement with solar abundance clear-atmosphere models using WFC3 (Wakeford
et al. 2013). Such results suggest a surprising diversity among the studied exoplan-
ets, with the mechanisms behind the differences currently unclear.

Also, WASP-12b is now starting to be extensively studied. The radii in the
3.6 and 4.5 um Spitzer bands are lower compared to the near-IR than predicted by
clear-atmosphere models and the opacity appears greater in the 3.6 um band than
in the 4.5 um band (Cowan et al. 2012; Stevenson et al. 2013). Furthermore, al-
though the transmission spectrum in the near-IR obtained with WFC3 is inconclusive
regarding the presence of molecular features, the transmission spectrum is best fit
by a Mie scattering signature when optical STIS, near-IR and IR data are combined
homogeneously (Sing et al. 2013; Stevenson et al. 2013; Cowan et al. 2012; Swain
et al. 2013). Figure 1.20 shows a summary of the current transmission observations

22Where a compound condenses and then falls out of the atmosphere due to gravity.



1.5. LITERATURE REVIEW ON EXOPLANET ATMOSPHERES 59

for WASP-12b except the optical STIS data, which is not yet published, and which
provides a significant improvement on the precision obtained by Gemini.
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Figure 1.20: Summary of current results for the transmission spectrum of WASP-12b
by Stevenson et al. (2013). The optical results are from their Gemini GMOS data.
These authors re-analysed the WFCS3 data first presented in Swain et al. (2013) and
the Spitzer data first presented in Cowan et al. (2012).

UV Transmission Spectra

Due to low stellar fluxes, UV transmission spectroscopy is extremely challenging and
only possible for bright targets. So far, the UV transits of only a few planets have
been observed, including WASP-12b, 55 Cancri b and GJ 436. In the extended atmo-
sphere of WASP-12b, Fossati et al. (2010) found evidence of Mg Il at the 2.8 o level.
They also found other 3 o deviations from the continuum in the planet’s atmosphere,
indicative of other metal lines, but the interpretation depends on the wavelength so-
lution chosen. The authors also noted an early ingress, which is explained by Llama
et al. (2011) as due to a magnetospheric bow shock. In GJ 436b, the Lyman « line has
been observed in the planet’s atmosphere with a signal of 11 %, implying an escape
rate of 10!° g s~! (Ehrenreich et al. 2011). Also a hint of an extended atmosphere
has been observed around 55 Cancri b, a planet in possible grazing alignment with
the star in a five-planet system (including the hot transiting super-Earth 55 Cancri e).
Ehrenreich et al. (2012) found large Lyman a absorption at inferior conjunction of the
planet, suggesting that the upper atmosphere of the planet produces a partial transit.
No signal was detected from 55 Cancri e, placing an upper limit of 3 x 10® g s~! on its
upper atmospheric escape rate.
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Emission Spectra

There are many planets for which one secondary eclipse depth has been measured,
which constrains the temperature at one altitude. However, this thesis is focussed on
transmission spectroscopy, which samples a higher altitude than those sampled by IR
emission spectroscopy. Since determining a 7-P profile from a transmission spectrum
is currently only possible for the most favourable targets, the most useful constraints
for my goals are cases where the eclipse depth has been measured in more than one
band, constraining the temperature profile of one part of the atmosphere. Such results
can help explain the features that are seen in transmission. Therefore, in this section
| only discuss here one planet in detail, which is WASP-19b, since the measurement
of its transmission spectrum forms the basis of Chapter 6. | will then briefly overview
those planets which have been well studied and then discuss broad properties of the
hot Jupiter exoplanet class as a whole.

WASP-19b is one of the most studied planets in secondary eclipse, apart from
HD 189733b and HD 209458b, because it is one of the hottest known transiting ex-
oplanets and has a very large eclipse depth. There have been photometric obser-
vations of the secondary eclipse of WASP-19b in the optical, z, H and K bands,
and at 1.19, 3.6, 4.5, 5.8 and 8.0 um (Anderson et al. 2010; Gibson et al. 2010;
Burton et al. 2012; Lendl et al. 2013; Anderson et al. 2013; Abe et al. 2013). The
results are consistent with no strong thermal inversion and also tentatively suggest
an oxygen-dominated atmosphere when compared with the models of Madhusud-
han et al. (2011b); Madhusudhan (2012). Figure 1.21 summarises the results for the
emission spectrum. The optical signal could be due to either thermal or reflected
components and Abe et al. (2013) find an upper limit for the geometric albedo of
0.27 + 0.13.

There are some other exoplanets which have been observed in detail in their
secondary eclipse. One interesting case is that of WASP-12b. Initially, observations
indicated a planet with a weak thermal inversion and inefficient thermal redistribution
(Lopez-Morales et al. 2010; Croll et al. 2011b; Zhao et al. 2012; Crossfield et al.
2012b). However, it was later found that the spectra were best fitted with a high C/O
ratio and potentially efficient thermal redistribution due to shallow IR eclipse depths
(Madhusudhan et al. 2011a). The picture then became more confusing when Cowan
et al. (2012) measured eclipse depths in the Spitzer 3.6 and 4.5 um bands which
were too different to reconcile with either a solar or a high C/O ratio. A possible
explanation was recently revealed by Crossfield et al. (2012a), who pointed out that
WASP-12 has an M dwarf companion star initially reported by Bergfors et al. (2011,
2013). The companion star will cause eclipse depths to be underestimated, and since
it is cooler than WASP-12, the effect will be more significant at longer wavelengths.
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Figure 1.21: Emission spectra of WASP-19b. Left: Plot from Anderson et al. (2013)
showing their results at 3.6, 4.5, 5.8 and 8.0 um along with the results of Anderson
et al. (2010) and Gibson et al. (2010). Overplotted are models with and without tem-
perature inversions from Madhusudhan et al. (2011b). Right: Plot from Lendl et al.
(2013) showing their results in z band and at 1.19 um, along with the literature val-
ues from the left plot and another z band observation from Burton et al. (2012). Also
shown are models from Madhusudhan (2012) with different C/O ratios.

After correcting for the effect of the companion star, Crossfield et al. (2012a) found
that the emission spectrum is well approximated by a blackbody, and hence the planet
lacks a stratosphere.

Other planets observed in multiple bands include CoRoT-1b, which has an in-
version in the atmosphere deeper than the region sampled by Spitzer observations,
a small but non-zero heat transfer from day to night side (P, = 0.1) and a very low
bond albedo consistent with zero (Rogers et al. 2009 and references therein). Another
planet sampled in detail is HD 149026b, which has no indication of a temperature in-
version, moderate thermal redistribution (f = 0.5) and large amounts of CO and CO,
(Stevenson et al. 2012a and references therein). Finally, multi-wavelength analysis
shows that TrES-3b is unlikely to have a temperature inversion (Christiansen et al.
2011 and references therein).

Such detailed analysis is not available for many planets. However, while the
secondary eclipses of a greater number of planets have only been observed in a
single band, or even two bands, the results can still be used to try to understand broad
characteristics of the hot Jupiter class. For example, Knutson et al. (2010) used the
difference in eclipse depth measured in Spitzer’s 3.6 and 4.5 um bands as a measure
of whether an atmosphere contains a stratosphere. In a cloud-free atmosphere, the
3.6 um wavelength should sample deeper into the atmosphere. Therefore, if the
eclipse depth at 3.6 um is greater than that at 4.5 um then there is no inversion. If
the eclipse depth at 4.5 um is greater than the eclipse depth at 3.6 um then there is
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an inversion. Similar values at both wavelengths indicate an isothermal atmosphere.
Knutson et al. (2010) found a correlation between the presence or absence of thermal
inversions and the activity level of the star, quantified by the chromospheric Ca Il H
& K line emission ratios of log(Ry;, ). It is possible that radiation from stars with high
activity levels could break down TiO, explaining the lack of observed stratospheres in
planets which orbit active stars. Figure 1.22 shows the trend.
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Figure 1.22: Figures from Knutson et al. (2010) showing the activity levels of various
stars compared to whether or not their atmospheres are measured to host a thermal
inversion. Left: Stellar effective temperature vs. activity index. The shaded region is
where the calibration for log(Ry;, ) is uncertain (Noyes et al. 1984). Right: Their index
for classifying temperature inversions vs. stellar activity index. In both plots, plan-
ets classified as having temperature inversions are shown as red circles and planets
without are shown as blue stars. The spectrum of CoRoT-2b is unusual and is not
described well by either model. XO-3b orbits a star with a high log(R},) ratio, but no
emission visible in the Ca Il H & K lines by inspection. The planet has a stratosphere.
See Knutson et al. (2010) for the individual references for each observation.

Recent results since the paper of Knutson et al. (2010) are still relatively consis-
tent with the trend. WASP-24b, WASP-43b, WASP-14b and WASP-5b have all been
shown to lack strong temperature inversions (Blecic et al. 2011; Smith et al. 2012;
Blecic et al. 2013; Baskin et al. 2013). Of these, WASP-24 is not chromospherically
active (log(Ry,) = —4.98 £ 0.12, Smith et al. 2012) and WASP-5b is moderately active
(log(Ry) = —4.75, Baskin et al. 2013).

Another interesting comparison that can be drawn between many planets with
only one or a small number of secondary eclipse measurements is their thermal redis-
tribution efficiencies. Knowing the distance of the planet from the star and the star’s
effective temperature, the day-side equilibrium temperature can be calculated from
Equation (1.16) by assuming some recirculation efficiency, f, and some Bond albedo,
Ap. If an assumption is made about the albedo of the planet, then the secondary
eclipse depth can be used to infer the recirculation efficiency. Using the assumption
of Ag = 0, Cowan & Agol (2011) compared redistribution efficiency as measured by
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the secondary eclipse depth to the irradiation of the planet for many planets. A large
secondary eclipse depth, and hence a high day side temperature would indicate in-
efficient thermal redistribution. They found that planets with equilibrium temperatures
below ~ 2000 K display more efficient thermal redistribution than planets with equilib-
rium temperatures above ~ 2000 K, suggesting that the mechanisms responsible for
thermal redistribution break down at hotter temperatures (see Figure 1.23).

There is so far no clear model explicitly explaining the mechanisms for thermal
redistribution. Perna et al. (2012) computed 3D models with dual-band radiative trans-
fer and found that recirculation starts to break down at temperatures of around 2000 K,
consistent with observations. The efficiency of thermal redistribution is partly depen-
dent on the ratio of radiative to advective timescales, but they found that opacity-driven
effects (such as TiO causing irradiation to be deposited higher up) are secondary to
the effects of irradiation. Figure 1.23 also shows some of their results.
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Figure 1.23: Left: Plot from Cowan & Agol (2011) showing dimensionless measured
day side temperature (T4/T,) vs. the day side temperature that would be measured
in the presence of no thermal redistribution (7.—y). The red lines correspond to no
recirculation (solid), uniform day hemisphere (dashed) and uniform planet (dotted).
Planets should not lie above the solid red line. The points marked with red crosses
are on eccentric orbits. The cyan asterisks denote planets which do not have a strato-
spheric temperature inversion. Some planets have both grey and black points, and
these are planets for which the optical secondary eclipse has been measured. The
grey points are using the default zero-albedo assumption and only data points for
A > 0.8 um, and the black points are the day side temperatures measured when in-
cluding the optical data. Right: Plot from Perna et al. (2012) showing the day-side
to night-side flux ratio (top) and the advective to radiative timescale ratio (bottom)
compared to irradiation. The vy, factor controls whether there is an inversion, with an
inversion present if yy > 1.
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Phase Curves

The results quoted in Cowan & Agol (2011) rely on assumptions of the planetary
albedos, since only day side temperature observations from secondary eclipse con-
strain the models. It is unclear whether the correlation is due to albedo differences
or recirculation efficiency, and Figure 1.23 shows how important the albedo estima-
tion can be. Thermal phase curves provide further information by measuring day-
night contrast and recirculation rates independently of planet albedo. However, al-
though highly useful, phase curve measurements require long duration observations
which are challenging and difficult to schedule. Therefore, only 7 planets have ther-
mal phase curves published so far including HD 189733b and HD 209458b (Knutson
et al. 2007b, 2009b,a, 2012; Lewis et al. 2013; Agol et al. 2010; Cowan et al. 2012;
Stevenson et al. 2012a,b; Maxted et al. 2013; Harrington et al. 2006; Crossfield et al.
2010, 2012b). One of the 7 planets, Ups and b, is not transiting and hence the in-
terpretation of the phase curve amplitude requires an assumption of the system’s
inclination. The currently observed phase curves cover the extremes of the hot gas-
giant equilibrium temperature range, from T, ~ 700 to 3000 K, and so far bear out the
predictions and measurements from secondary eclipse observations of redistribution
breakdown at hotter temperatures. The observations, which are measured at the IR
photosphere, show day-night contrasts of only ~ 200-500 K for the cooler planets,
and a much stronger ~ 1900 K contrast for the hottest planet observed (WASP-12b).
One important point to mention, though, is that these observations do occur at differ-
ent wavelength ranges, and hence may not all be sampling the same altitude across
the different planets. Furthermore, unless the dominant opacity sources are known
(for example from the transmission spectrum) assumptions of the altitude sampled by
each wavelength can be incorrect, as in the case of HD 189733b.

Recently, in order to try to explain current phase curve observations, Perez-
Becker & Showman (2013) modelled atmospheric thermal redistribution by using a
two-layer shallow-water (small atmosphere) model for synchronously rotating planets.
They found that planets with weak friction and weak irradiation have strong zonal flow
and hence small temperature differences between the day and night sides, whereas
highly irradiated planets exhibit strong day to night temperature contrasts. They de-
veloped a theory which shows that the timescale for gravity waves? to propagate
horizontally, 7., iS important in determining thermal redistribution efficiency. Fig-
ure 1.24 shows the models compared to current thermal phase curve observations.

23Transverse waves caused by convection overshoot.
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Figure 1.24: Plot from Perez-Becker & Showman (2013) showing their models of frac-
tional day-night flux variations (A) vs. equilibrium temperature along with observed
fractional day-night flux variations (A.ps). The models assume that the observed ther-
mal emission comes from a layer at P = 0.25 bar. Most plotted solutions are in the

weak-drag regime, so all curves lie close together and broadly reproduce the obser-
vational trend.
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1.6 Challenges for the Future and My Contribution

What is emerging from observations is a large and unexpected diversity in studied
planets, underlining a still significant gap in knowledge of hot Jupiters. | believe that
hot Jupiters are important to study, both to obtain fundamental insights into underlying
physics and as part of the path towards detecting habitable planets. With this in mind,
this work has mainly sought to improve understanding of hot Jupiters by answering
two complementary questions:

1. What are the detailed atmospheric properties of the most favourable tar-
gets? The demanding nature of exoplanet observations means that detailed
atmospheric properties can only currently be obtained for a few most favourable
cases (large atmospheric signals, bright stars etc.). Studying the most favourable
targets in detail is important, since they can provide benchmarks for further stud-
ies of other planets.

2. Can we detect and understand different broad classes of hot Jupiters and
the mechanisms behind the key differences? Another key type of observa-
tion is comparative exoplanetology. What we seek is an understanding of the
physical mechanisms that operate in hot Jupiter atmospheres. Such knowledge
cannot be gained from only a very small sample of planets. To have a true un-
derstanding, we need a large sample of planets, where we can link observed
features with physical properties, such as stellar type, irradiation, and composi-
tion.

| believe that both goals are important and complementary, and have been involved
extensively in trying to further them both.

Pushing the Boundaries of Observability

A strong advantage of studying exoplanet atmospheres now is that we develop vital
new techniques for the future, with one eventual goal being the study and character-
isation of potentially habitable planets. Although most studies now are concerning
hot Jupiters, this work and my plans for the future are also designed to advance the
precision of observations in two ways:

1. Testing and expanding the limits of ground-based transmission spectroscopy.
Ground-based atmospheric characterisation is a rapidly developing and improv-
ing field. Since ground-based telescope time is much more easily available
than space telescope time, it allows numerous targets to be studied, which is
essential for comparative studies. Furthermore, the larger apertures available
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from the ground also provide the ability to study fainter targets, and so increase
the potential number of observable planets. | have been involved in certain de-
velopments in ground-based exoplanet observations including the first long-slit
exoplanet transmission spectrum. | also plan to be involved in further work using
very new techniques, which are detailed in Section 7.2.2.

2. Beyond hot Jupiters. |t is important to extend atmospheric observations be-
yond hot Jupiters, to broaden our knowledge of atmospheric physics and to
eventually lead to studies of Earth-like planets. Although the work in this the-
sis concentrates on hot Jupiters, | have had an HST proposal accepted to use
similar methods for an eccentric warm Jupiter, in a different regime to the hot
Jupiter class. Furthermore, after my PhD, | plan to be involved in a large Spitzer
programme to observe cooler, smaller planets than those studied in this work.

Thesis Structure

e In Chapter 2, | provide an overview of the telescopes and instruments used
in this project. | then outline the statistical and analysis methodology used in
this work, and also some dominant methodology used in the field, which is only
touched on briefly by my work. This chapter should serve as a reference point
for techniques and nomenclature used throughout the thesis.

e Chapters 3 and 4 concentrate on answering the first question regarding hot
Jupiters: attempting to reach a deeper understanding of the most favourable
targets. These chapters detail medium-resolution observations of the Na I fea-
ture in HD 189733b and the determination of the upper atmospheric T-P profile.

e Chapters 5 and 6 concentrate on answering the second question regarding hot
Jupiters. These chapters detail the the first results from ground-based and
space-based low-resolution spectroscopic surveys of hot Jupiters respectively.
Simultaneously, Chapter 5 presents the first long-slit ground-based transmission
spectrum of an exoplanet.

e In Chapter 7, | conclude and discuss my plans for the future. | outline how |
will not only continue to observe hot Jupiters but how | will push the boundaries
of observability towards other planets and other instrumental techniques with
ongoing and future projects. | include here a brief description of my accepted
telescope proposals for the future.

¢ In addition, Appendix A gives a list of constants, Appendix B gives a list of
acronyms, Appendix C gives a list of definitions, and derivations can be found
in Appendix D.



Chapter 2

Research Methodology

2.1 Instrumental and Observational Techniques

2.1.1 Spectroscopy

In spectroscopy, the light from a source is spatially dispersed across the detector
depending on its wavelength, meaning that the intensity as a function of wavelength
can be measured. The resolving power, R, of a spectrometer is defined as

R=—"— 2.1
v (1)

where A is the wavelength being observed and AA is the smallest wavelength differ-
ence that can be seen. The instrumental resolution is dependent on the resolving
power of the disperser (see below), instrument optics and other factors such as slit
width. For high resolution, the spectrum is imaged to a larger length at the detector.
The disadvantage at higher resolution is that, because the spectrum is so extended
at the detector, only a small wavelength range can be measured at any one time. Low
resolution is required if many wavelengths are to be sampled at once.

The simplest form of a spectrometer is a prism, where light is dispersed due to
the wavelength dependence of the refractive index of a material. Such devices can
be positioned such that the central wavelength of interest passes straight through the
prism with no refraction, meaning that the instrument can be used as both an imager
or a spectrometer. However, such instruments are limited to the optical properties of
transparent materials.
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Gratings

Diffraction grating spectrometers work on the principle that constructive interference
between components of light through multiple slits occurs at different phases depend-
ing on wavelength. A spectral grating is composed of many slits that produce a diffrac-
tion pattern, which has an envelope with constructive interference peaks at orders 0,
1, 2, etc. corresponding to 0, 1, 2 etc. wavelengths of retardation. The angular loca-
tions of the maxima in the interference pattern are governed by the grating equation
(derived in Appendix D.6):

mA = dsiné, (2.2)

where m is the diffraction or spectral order number, d is the distance between slits, 4
is the wavelength of the observed light, and 6 is the angle of emergence after passing
through the slit. This equation assumes that the angle of incidence of radiation is
perpendicular to the surface of the grating. The zeroth order is where light passes
straight through the slit (¢ = 0) and so contains no wavelength dependence. Intensity
decreases as 6 increases, and so usually, the first order spectrum is used for primary
analysis and the grating is positioned so that as much of the first order spectrum falls
on the detector as possible.

Often, incoming light is deflected off grooves in the grating rather than passing
through slits, and the setup resembles Figure 2.1 (6 now has a different meaning and
is referred to as the “blaze angle”). The grating equation becomes (Appendix D.6)

mA = d(sina + sinf), (2.3)

where « is the incident angle of radiation coming onto the grating and g is the angle
of the radiation reflected from the grating, both relative to the grating normal. This
equation is also valid for a transmission grating where the angle of incidence is @ and
angle of emergence is 8. The spectral resolving power can be defined as (Palmer
2005)

R = mN, (2.4)

where N is the total number of grooves illuminated on the surface of the grating. Using
Equation (2.3), it can be seen that the resolving power can be defined as:

_ Nd(sina + sinf3)
= 1 .

R
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Figure 2.1: A schematic of a (diffraction grating taken from
http://www.medwayoptics.com/ [accessed 01-Sep-2013].

Grisms

Some instruments are designed so that they can be used either as a camera or as a
spectrometer, providing greater versatility. Since a spectrometer is usually positioned
such that the first order spectrum falls on the detector and the zeroth order does not,
the grating cannot simply be removed in order to take images. Instead, these instru-
ments use a grism, which is a combination of a grating and a prism. The prism coun-
teracts the deflection caused by the grating, allowing the light to be dispersed without
being deflected and ensuring that the central wavelength passes straight through. In
order to operate the instrument in imaging mode, the grism then simply has to be
removed, allowing the image to fall on the centre of the detector.

Echelle

Echelle gratings operate at high resolution (high dispersion) by using a high incidence
angle, and often using high spectral orders. They are usually used with a cross-
disperser to get more than one order on the detector at the same time, and hence
cover a reasonable wavelength range ev