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INTRODUCTION

1.1 THE SEARCH FOR EXTRA-SOLAR PLANETS
1.1.1 Introduction

Speculations and ideas about the existence of planets in solar systems other
than our own can be traced through the scientific and popular literature to
decades before the discovery of the first extra-solar planets (exoplanets). The
first discovery of a planetary mass object outside the solar system was made
in 1992, orbiting the pulsar PSR1257+12 (Wolszczan et al., 1992). This ob-
ject lives in the extreme radiation environment of the pulsar and is believed
to have formed from the remnants of the debris disk that that may have
formed after the supernova explosion of the progenitor star (Miller et al.,
2001; Hansen et al., 2009; Kerr et al., 2015). The discovery of the first exo-
planet around a main sequence star is attributed to Mayor et al. (1995), who
discovered a planet orbiting around the sun-like star 51 Pegasi in 1995. This
planet was discovered via the periodic motion of the star induced by the
gravitational pull of the planet. Many times in astronomy, observations are
biased towards the most extreme kinds of objects, which are discovered first
because they are the easiest to detect. This is certainly true for the detection
of the first exoplanets: 51 Pegasi b is a gas giant half as massive as Jupiter,
but orbits its star at a distance of 0.052 AU, completing one revolution every
4.2 days (Mayor et al., 1995; Butler et al., 2006; Brogi et al., 2013; Birkby et al.,
2017). This planet could be detected because its gravitational influence on the
star is relatively large due to its small orbital distance. The gravitational in-
teraction between the planet and the star also induces strong tidal forces that
act to circularize the orbit of the planet and synchronize the axial (diurnal)
rotation period with the orbital period. The likely consequence is that one
hemisphere of the planet always faces the scorching radiation of the nearby
star and is heated to temperatures of over 1000 Kelvin, while the other side of
the planet perpetually faces towards outer space (Brogi et al., 2013). Clearly,
this planet is unlike any of the planets in the solar system, which is why its
unexpected discovery has had an enormous impact.

51 Pegasi b was the first of a new class of exoplanets that are nowadays
referred to as hot Jupiters (see Figure 1.1). Via numerous exoplanet-finding
surveys, many planets like it have been discovered since. However as sur-
veys have become more sensitive to smaller and cooler planets, it has become
clear that hot Jupiters actually form a small minority in a much larger, di-
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verse exoplanet population. At the time of writing, over 3600 planets have
been discovered and have been independently followed-up®. These planets
occupy a broad parameter space, and include rocky planets as well as gas
giants orbiting various types of stars over a wide range of orbital distances.
Although this entire population has not yet fully been explored, there does
not seem to be an indication that any system can be considered to be typical.

Theories of how planets form must explain this diversity in the exoplanet
population, including extreme examples like hot Jupiters. 22 years after the
discovery of the first exoplanets, the mechanism of planet formation is still
not fully understood. Proposed planet formation theories broadly fall into
three categories:

1. The core-accretion model (Pollack et al., 1996) describes the gradual
coagulation of dust particles into a proto-planetary core, which gravita-
tionally attracts more particles as it grows. When sufficiently massive,
it rapidly accretes gas in a runaway fashion until the star-forming disk
is cleared by the onset of nuclear fusion in the core of the newborn star.

2. The disk gravitational instability model (Boss, 1997) posits that planets
may form from self-gravitating clumps of disk material that are created
by dynamical instabilities in the disk.

3. The pre-stellar nebula may fragment into separate clumps at an early
stage, in which planets may form in a similar way as binary stars albeit
with extreme mass ratios (see e.g. Hennebelle et al., 2008).

It is possible that all these formation pathways take place in nature to
some degree. Identifying the dominant formation process then requires the
careful study of both planet-forming disks as well as exoplanets themselves,
because the present-day state of an exoplanet may in part be determined by
its formation scenario (Madhusudhan et al., 2014).

An important factor in all three formation pathways is planet migration:
During the formative stages the orbit of the planet may evolve, causing it
to migrate inwards or outwards. Migration may be caused by the interplay
between the planet and the disk material in which it is formed, gravitational
interactions with other planets in the system, tidal interactions with the star
and stellar encounters (Rasio et al., 1996; Weidenschilling et al., 1996; Ward,
1997; Laughlin et al., 1998; Ida et al., 2000). If a planet retains its primordial
atmosphere, its present-day chemical composition may be indicative of its for-
mation environment and therefore shed light on its migration history (Oberg
et al.,, 2011). The realization that planet migration is an important aspect of
planet formation has also influenced the way we understand our own solar

Exoplanet.eu maintains a database of exoplanet discoveries and candidates (Schneider et al.,
2011)



1.1 THE SEARCH FOR EXTRA-SOLAR PLANETS

system. It is now suspected that the planets in our solar system underwent
some form of migration during their formation, which could help to explain
phenomena like the peculiar axial tilt of Uranus and Venus, the catastrophic
impact that may have been responsible for the formation of the Moon, the
Late Heavy Bombardment and the presence and distribution of planetesi-
mals in the solar system (Thommes et al., 1999; Gomes et al., 2005; Tsiganis
et al., 2005; Levison et al., 2008). The study of exoplanets therefore informs
existential questions about the solar system, the Earth and the origins of life.

The discovery of a diverse exoplanet population concerns another major
question that has insisted on humanity since the dawn of astronomy: Does
life exist on planets elsewhere in the universe? When overall size and mass are
considered, there are many planets that resemble the Earth (a.o. see Petigura
et al., 2013; Foreman-Mackey et al., 2014; Silburt et al., 2015; Burke et al., 2015;
Coughlin et al., 2016; Kane et al., 2016). A fraction of this population of rocky
planets orbits at sufficient distance that the climate may be suspected to be
temperate in what is called the habitable zone. The understanding that this pop-
ulation of habitable Earth-like planets may be significant in size has pulled
the question of extra-terrestrial life out of the realm of science-fiction. The de-
sire to find such Earth-like exoplanets and signatures of extra-terrestrial life
is strong, and will likely be the most compelling driver for exoplanet science
for decades to come.

However to successfully answer the questions discussed here, astronomers
must have the ability to understand in detail the planets that they observe.
This thesis is focussed on observational and data analysis methods by which
exoplanets can be characterized using their spectral properties.

1.1.2  How to find exoplanets

There are several ways to detect planets that orbit other stars. Three of these
are relevant to the work described in this thesis, and these have incidentally
also been the most successful in yielding exoplanet discoveries.

The most commonly used techniques rely on the indirect effect of the
planet on the light that we observe from the system. The radial-velocity
method (or Doppler method) makes use of the periodic motion of the star
as it orbits around the center of mass of the planetary system, which is not
in the exact center of the star. The varying radial velocity of the star causes a
corresponding Doppler-shift of the stellar spectrum, which is monitored for
multiple orbital periods in order to confirm the gravitational pull of a planet.
Because this is a gravitational effect, the amplitude K of the radial-velocity
variation of the star depends on the mass of the planet m,,, the mass of the
star M, the eccentricity e and the orbital distance of the planet which is pro-
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Figure 1.1: Artistic impression of what a hot Jupiter might look like.

portional to the orbital period P. This method is therefore mostly sensitive to
massive planets in short-period orbits.

‘_ (27:@)% mpsin(i) 1
P mé V1—e?

The radial velocity method measures the velocity of the star along the line
of sight. Velocity components in the plane perpendicular to the line of sight
do not cause a Doppler effect, meaning that the radial velocity measurement
also depends on the orientation of the orbital plane of the planet with respect
to the line of sight. This orientation angle is quantified by the orbital inclina-
tion i. The magnitude of the radial velocity effect scales with sini, and the
radial velocity method therefore yields only a lower limit to the mass of the
planet.

The second method makes use of the fact that by chance, the orbital plane
of some planets is aligned to our line-of-sight to the system (i.e. i ~ 90°). In
this configuration, the planet passes in front of the stellar disk once during
every orbit (see Figure 1.2). During such a transit, the planet blocks a fraction
of the starlight, which can be detected in a photometric time-series of the
system. The fraction of light blocked (4%) is equal to the ratio of the projected
areas of the disks of the planet and the star:
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Figure 1.2: A planet in the transiting geometry. The transit occurs when the planet is
in front of the star, while the secondary eclipse occurs when the planet
moves behind it.
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As such, this method is mostly sensitive to large planets in short orbits be-
cause a short orbital period allows for multiple transit events to be combined
to increase the signal-to-noise. In addition, the likelihood of a favourable
alignment is approximately proportional to the inverse of the orbital distance,
which means that short-period planets are more likely to transit than planets
further away from the star.

The transit of the planet also breaks the inclination degeneracy of the radial
velocity method, allowing the true mass of the planet to be obtained. If the
mass and radius of the star can be inferred independently, which is often the
case, then the radial velocity and transit methods can be combined to reveal
the mean density of the planet, which is a proxy for its composition and
internal structure.

High-contrast imaging of an exoplanet system is the most direct way of
finding exoplanets, but is often the most challenging. In high-contrast imag-
ing, one tries to discern the point-source signal of the planet that is spatially
separated from the much brighter host star. The wave-like nature of light fun-
damentally limits the spatial resolution of a telescope because it causes the
light to diffract as it propagates through the aperture of the optical system.
This diffraction pattern has a spatial extent that scales with wavelength and
with the inverse of the size of the aperture. This means a point-source object
is imaged as an extended Airy pattern on the detector, and that discerning

5
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two closely separated point-sources is easiest for observations with large tele-
scopes at short wavelengths.

In the case of a circular aperture, the diffraction pattern takes the form of
an Airy function: A strong central peak surrounded by concentric rings that
diminish away from the center. Two point source objects are considered to
be resolved when their angular distance 0 in radians is greater than 1223,
where D is the diameter of the aperture.

However besides diffraction, ground-based telescopes are affected by dis-
tortion caused by the Earth’s atmosphere that is highly variable in time. Vis-
ible to the naked eye, the twinkling of stars causes their image to be blurred,
setting a limit to the angular resolution that can be achieved by ground-based
telescopes (called the ’seeing’ limit). Most planets are have an angular sepa-
ration from their host star that is many times smaller than the seeing limit
and are consequently masked by the distortion of the Earth’s atmosphere.
To counter this, ground-based high-contrast imaging instruments employ de-
formable optics (adaptive optics, AO) to correct for wave-front aberrations
caused by atmospheric distortion in real-time (see e.g. Rousset et al., 2003;
Beuzit et al., 2008; Jovanovic et al.,, 2015; Poyneer et al., 2016). High-quality
AO systems can restore the image quality close to the diffraction limit, un-
locking the full potential of large telescopes that would otherwise not be able
to resolve spatial features smaller than the seeing limit.

Because high-contrast imaging works best for planets that are widely sepa-
rated from their host stars, the sensitivity of this method is currently limited
to a select part of the exoplanet population: Massive planets in wide orbits
that are self-luminous due to the gradual release of primordial heat left-over
from their formation. As such a system gets older, the contrast between the
star and the planet increases and the planet becomes harder to observe di-
rectly. With current technology, high-contrast imaging is mostly limited to
planets in orbits wider than ~ 5 AU in systems younger than ~ 1 Gyr (see e.g.
Bowler, 2016). To be able to image cooler planets closer in requires the devel-
opment of telescopes with large mirrors (needed to reduce the scale of the
diffraction limit), combined with high-quality adaptive optics (often dubbed
"extreme AQ") and superior instrument stability.

1.1.3 Unveiling the exoplanet population

Over 25 years of exoplanet surveys have resulted in more than 3600 confirmed
detections?® (see Figure 1.3). Most of these planets were first discovered with
the transit method. The most successful transit survey to date has been per-
formed the Kepler Space Telescope, which has observed ~ 150, 000 stars over
a period of four years. It has identified over 4000 exoplanet candidates, of

2 Exoplanet.eu (Schneider et al., 2011)
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Figure 1.3: Confirmed exoplanet detections as of January 2017. Planets detected via

radial velocity, transits an direct imaging are coloured green, blue and red
respectively. The black squares indicate the solar system planets. Although
the sensitivity of the planet-finding surveys generally decreases towards
smaller planets at longer orbital periods, the detection of a large popula-
tion of short-period rocky planets suggests that rocky planets far outnum-
ber gas giants. Future planet-finding missions such as TESS and PLATO,
as well as numerous ground-based transit and radial-velocity campaigns
are predicted to better constrain the vast population of longer period rocky
exoplanets.

which some 2300 have been independently confirmed3. Most of these planets

reside in close orbits around their host stars with orbital periods of less than
20 days, and have radii greater than 2 Earth radii, which likely means that
they have large gaseous envelopes (Howard et al., 2012; Owen et al., 2013;
Fressin et al., 2013; Fulton et al., 2017). A fraction of these are comparable to
the size of Jupiter, but most are smaller, and are referred to as warm Neptune
analogues.

However, the high sensitivity of the Kepler light curves has also resulted
in the discovery of ~ 1100 planets smaller than 2 Earth radii, which are likely
to be rocky. This statistic indicates that there is a vast population of rocky

3 See https:/ /www.nasa.gov/kepler/discoveries for the latest planet count.
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planets straddling the inner regions of many, if not the majority of planetary
systems (Petigura et al., 2013; Silburt et al., 2015; Burke et al., 2015; Mulders
et al., 2016).

1.1.4 Habitability

A significant fraction of rocky exoplanets is expected to orbit their host stars
in the habitable zone: at distances where the insolation is comparable to that
of Earth so that the chemical environment at the planet surface could be
favorable to life (Gaidos, 2013; Burke et al., 2015; Kane et al., 2016). There is
no consensus about the extent of the habitable zone, because the amount of
insolation that a planet receives is not the only determinant of habitability.
The planet mass, size, composition and resulting atmospheric processes are
also crucial factors (see e.g. Dole, 1964; Hart, 1979; Kopparapu et al., 2013;
Zsom, 2015). The fact that habitability is the result of a complex interplay of
processes is well illustrated by the planet Venus: Although similar to Earth in
mass and composition and located on or near to the inner edge the habitable
zone, the surface of Venus is one of the least hospitable places for life in the
solar system because it attains an average surface temperature of 735 K due
to the retention of sunlight and the resulting greenhouse effect. Furthermore,
some rocky planets currently known are larger than the Earth and therefore
significantly more massive. The solar system has no analogues of these super-
Earths, which makes it even more difficult to predict the potential habitability
of such planets.

For Sun-like stars, the habitable zone is roughly located between a distance
of 0.5 to 2.5 AU from the Sun. Habitable planets in these systems therefore
have orbital periods on the order of hundreds of days, limiting the sensitivity
of photometric transit and radial velocity monitoring. This is why the search
for habitable Earth-like planets is now focussed on M-dwarfs. Due to their
low effective temperature, the habitable zone typically extends from o.05 to
0.2 AU (Kopparapu, 2013) and therefore such planets have short periods in
the order of 10 days. Recent high-profile discoveries of rocky planets around
M-dwarfs include the detection of an msini = 1.3mg planet orbiting the
nearby star Proxima Centauri b (Anglada-Escudé et al., 2016), and the discov-
ery of seven transiting Earth-sized planets in the TRAPPIST-1 system (Gillon
et al., 2016; Gillon et al., 2017), three of which are likely located in the hab-
itable zone. Considering the size of the exoplanet population, ongoing and
future planet-finding surveys will likely reveal a wealth of similar systems,
each with potentially habitable planets.

However, the example of Venus above illustrates another important point:
Venus’s surface is perpetually covered by a thick cloud deck that hinders
remote sensing of the surface below. Before the first radio observations pen-
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etrated its dense atmosphere and revealed the extreme nature of the surface
environment (Mayer et al., 1958), speculations about a temperate climate, the
presence of molecular oxygen, water and even life on Venus were not uncom-
mon (see e.g. Henkel, 1909; St. John et al., 1922; Whipple, 1931; Martz, 1934;
Menzel et al., 1954). This demonstrates that planet climates are complex, and
that a careful characterization of the atmospheres of Earth-like exoplanets is
crucial to correctly assess their habitability.

1.2 SPECTROSCOPIC CHARACTERIZATION
1.2.1  The spectrum of an exoplanet

To learn more about a planet than its size and mass, the light of the planet
must be studied directly. The spectral properties of the light that originates
from the planet are determined by the thermal, chemical and material prop-
erties of its outer layers. The spectrum of an exoplanet is made up of two
distinct components: Starlight that is reflected or scattered by the planet, and
light that is emitted (thermally or otherwise) by the planet itself. Stars gener-
ally emit most of their radiation at optical wavelengths. The planet reflects a
fraction of this light back into space, and the rest is absorbed and heats the
atmosphere (Hansen, 2008). The fraction of all starlight that is not absorbed
by the planet is called the Bond Albedo. Combined with any heat sources in
the interior of the planet, the albedo determines the energy budget of the
planet which in turn determines the overall temperature. To first order, the
planet re-emits the absorbed starlight like a black-body, so the temperature
of the planet can be constrained by measuring the amount of thermal radia-
tion, possibly in multiple bands (see e.g. Charbonneau et al., 2005; Deming
et al., 2006; Knutson et al., 2007; Harrington et al., 2007; Machalek et al., 2008;
Gillon et al., 2010; Beaulieu et al., 2010; Smith et al., 2011; Demory et al., 2012;
Demory et al., 2016).

The transiting geometry offers the possibility of transmission spectroscopy:
Starlight that passes through the optically thin outer layers of the atmo-
sphere is imprinted with absorption from the chemical constituents of the
atmosphere (see e.g. Seager et al., 2000; Brown, 2001; Charbonneau et al.,
2002; Tinetti et al., 2007, Barman, 2007; Burrows et al., 2008; Snellen et al.,
2008; Désert et al., 2008; Sing et al., 2011). This effect manifests itself as a
wavelength-dependence of the effective radius of the planet: At the wave-
length of an atmospheric absorption line, the atmosphere is less transparent
than at other wavelengths. This means that inside an absorption line, the
planet causes a slightly deeper transit and will hence appear to be larger. The
fractional increase of the apparent radius due to absorption by an atom or
molecule in a layer AR above the effective radius R of the planet is:
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2ARR,
R

AR is the height of the absorbing layer, and is generally proportional to the
scale-height H of the atmosphere:

kT

Hg

where T is the temperature, p is the mean molecular weight and g is the
surface gravity. This shows that some planets are more accessible to spectro-
scopic characterization than others, depending on the temperature, the atmo-
spheric composition and the planet radius. This interpretation of the spec-
trum also indicates that the core of a spectral line represents a large value of
AR, whereas the wings of the line correspond to smaller values of AR. Assum-
ing that the opacity of the atmosphere decreases with altitude, this implies
that the core of the line is formed high up in the atmosphere, whereas the
wings of the line (in which the atom/molecule has an intrinsically smaller
absorption cross-section) originate from deeper layers of the atmosphere. At
the same time, the width of a spectral line depends on the local temperature
and pressure. As such, the shape of an absorption line can in principle be
used to constrain the thermal structure of the atmosphere (see e.g. Sing et al.,
2008; Vidal-Madjar et al., 2011; Huitson et al., 2012; Schwarz et al., 2016).

Besides absorption by chemicals, another important source of opacity is
scattering by aerosols and the blocking of light by optically thick clouds. Like
on Earth, aerosols in the atmosphere tend to scatter radiation at short wave-
lengths, causing an apparent increase of the radius of a transiting exoplanet
towards short wavelengths. The slope of the scattering spectrum can be be
used to constrain the local temperature and molecular weight (Lecavelier
Des Etangs et al., 2008; Benneke et al., 2012). Such observations have been
performed on multiple occasions, mostly using the STIS and WFC3 on the
Hubble Space Telescope which have coverage in the UV, optical and NIR.
Transmission spectroscopy observations have also revealed that the spectra
of many exoplanets are relatively featureless (e.g. Pont et al., 2008; Sing et al.,
2009; Deming et al., 2013; Bento et al., 2014; Kreidberg et al., 2014; Nikolov et
al., 2014; Sing et al., 2016; Kirk et al., 2017). The interpretation of these obser-
vations is that many planets possess cloud decks that make the atmosphere
optically thick up to high altitudes, masking the layers that would otherwise
produce absorption features.

Observations at infra-red wavelengths are sensitive to the thermally emit-
ted radiation of the planet. This radiation traverses the upper optically thin
layers of the atmosphere before being released into space, and may also
carry imprints of the chemical species in the atmosphere (Seager et al., 2005;

H
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Richardson et al., 2007). This radiation is most readily measured by observ-
ing the secondary eclipse of a transiting planet: Just before and after mov-
ing behind the star, the full day-side of the planet is in view. As the planet
moves behind the star, this light is blocked, and the total amount of light
observed from the system drops by an amount equal to the light emitted by
the planet. Observing this difference at various wavelengths then reveals the
thermal spectrum of the planet, constraining the dayside temperature and
possible emission or absorption from atoms or molecules in the atmosphere.
During the rest of the orbit, the observed flux of the system varies depend-
ing on what fraction of the day-side is in view, as well as the temperature
difference between the day and night sides. Such phase-curve and secondary
eclipse observations are regularly performed by the IRAC instrument aboard
the Spitzer Space Telescope, which observes in two photometric bands at
3.6 um and 4.5 pm, and until the depletion of its helium reservoir had ac-
cess to bands at 5.3 um and 8 um. These observations have shown that hot
Jupiters have strong day-to-night side temperature contrasts, hot-spots that
are shifted away from the sub-stellar point by strong equatorial winds, and
have even allowed day-side temperature maps to be derived (see e.g. Char-
bonneau et al., 2005; Deming et al., 2006; Deming et al., 2007; Demory et al.,
2007; Charbonneau et al., 2008; Knutson et al., 2008; Gillon et al., 2010; Agol
et al.,, 2010; Madhusudhan et al., 2011; Cowan et al., 2012; Demory et al., 2012;
Todorov et al., 2013; Stevenson et al., 2014; Zellem et al., 2014; Demory et al.,
2016).

Such observations have indicated that the hottest hot Jupiters may emit
excess thermal light above what would be expected from their equilibrium
temperature (Haynes et al., 2015; Evans et al., 2017). This has been explained
by the presence of emission lines of water. Molecular lines are seen in emis-
sion when the layer in which the species is present is hotter than the layers
below. This phenomenon is called a thermal inversion layer: an atmospheric
layer in which the temperature increases with altitude. An inversion layer is
caused by heating of the layer due to the presence of some chemical species
that efficiently absorbs starlight. In the Earth’s atmosphere, the ozone layer
causes an inversion layer between altitudes of 10 km to 50 km, and simi-
lar processes are expected to occur in the atmospheres of hot Jupiters, albeit
caused by different short-wavelength absorbers.

Titanium and vanadium oxide (TiO/VO) have rich optical absorption spec-
tra that dominate the optical spectra of cool dwarf stars. Because the atmo-
spheres of hot Jupiters can reach temperatures equivalent to the photospheres
of the coolest stars, TIO and VO were naturally invoked as possible heat
sources for inversion layers. The discovery of molecular emission at thermal
wavelengths has therefore sparked searches for TiO and VO in transit trans-
mission spectra, but until recently with very limited success (e.g. Désert et al.,
2008; Evans et al., 2016).
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1.2.2  Spectral resolving power

The difficulty in detecting molecular features in the spectra of exoplanets
is partly because absorption bands of various molecules may overlap. If un-
known quantities of molecular absorbers with overlapping absorption bands
are mixed, the resulting absorption spectra can be difficult to interpret (Brogi
et al.,, 2017). However, molecular absorption bands are composed of thou-
sands to millions of individual absorption lines that are closely separated
due to the fine structure of the energy levels of the molecule.

The resolving power R of a spectrograph describes the spectral scale AA
that can be resolved in a spectrum at wavelength A:

A
AN

The size and weight of a spectrograph generally increase proportionally
with the amount of wavelength-dispersion because of the geometrical path-
length required to convert a small dispersion angle to a large dispersion dis-
tance on the detector. This means that space-based spectrographs are typi-
cally limited to resolving powers of R ~ 102, at which the overall shape of the
exoplanet spectrum can be resolved. In the optical, the spectrum is dominated
by scattering by aerosols at blue wavelengths, strong atomic lines by alkali
metals and the outlines of molecular absorption bands, but at R ~ 102, the
latter cannot be resolved into individual absorption lines. However ground-
based spectrographs can reach higher resolving powers of R ~ 10> at which in-
dividual spectral lines can be separated, allowing different molecular species
to be distinguished at high confidence because the spectral fingerprint of each
molecule is unique.

From the equation above, the resolving power can also be expressed in
terms of the Doppler shift caused by a radial velocity Av:

R

_c
T Av
Current high-dispersion spectrographs can therefore resolve velocities down
to a few kms~'. This is sufficient to resolve the orbital velocity of most
planets, as well as the typical systematic velocity of the system relative to
the Sun. This has the advantage that besides robust sensitivity to individual
absorption lines, the planet can also be distinguished based on its velocity
with respect to the host star and the Earth’s atmosphere. High-dispersion
observations therefore have the potential to strongly constrain the chemical
composition of an exoplanet atmosphere.
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1.2.3 Cross-correlation

The high dispersion of a high-resolution spectrograph means that the number
of photons that is obtained per spectral element AA is limited. For a typical
high-dispersion transit observing sequence, the individual absorption lines
are embedded in the photon noise of the much brighter star. Cross-correlation
techniques can be used to match a model template spectrum to the observed
spectrum to extract the planet spectrum from the noise. The cross-correlation
C(x,y) effectively measures the degree of similarity between a spectral tem-
plate xy and the noisy data yy:

) = Y ko —%)(yk — )
VN ol =02 TR (v —9)2

C(x,y) varies between 1.0 (maximum correlation, i.e. when y = ax+b
with a and b constants and a > 0) and -1.0 (anti-correlation, i.e. when a < 0).
The cross-correlation C is calculated for a range of radial velocity shifts of the
template x. This yields the cross-correlation function CCF(x,y,v), which mea-
sures the degree of overlap between the template and the data as a function
of radial velocity v. The CCF peaks when the template is shifted to the same
radial velocity as the data, and effectively co-adds all the absorption lines
that are present in both the template and the data. This integration of the
spectrum acts to average out the photon noise that is present at each spectral
line, allowing the template spectrum to be detected even if the photon noise
is stronger than the individual absorption lines.

The position of the cross-correlation peak in velocity space corresponds to
the Doppler shift of the target spectrum at the time of the observations. As
such, the CCF can be used to precisely measure the radial velocity of a tar-
get object. This technique has been used to detect molecular absorption by
CO and H;O in the day side emission spectra of a number of hot Jupiters
(Snellen et al., 2010; Brogi et al., 2012; Brogi et al., 2013; Birkby et al., 2013;
de Kok et al., 2013; Brogi et al., 2014; Lockwood et al., 2014; Brogi et al., 2016;
Piskorz et al., 2016; Birkby et al., 2017; Piskorz et al., 2017). Also, it has en-
abled measurements of the instantaneous radial velocity of non-transiting hot
Jupiters T Bootis b, 51 Peg b and HD 179733 b yielding the orbital inclination
i and therefore breaking the degeneracy with the planet mass that is inher-
ent to the radial velocity method (Brogi et al., 2012; Brogi et al., 2013; Brogi
et al., 2014). In addition, this technique has been used to measure the spin
rate of hot giant planets (3 Pictoris b and GQ Lupi b, because the width of
the cross-correlation function is partially due to velocity broadening caused
by rotation of the planet (Snellen et al., 2014; Schwarz et al., 2016).

C(
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1.2.4 Spectral dispersion and spatial resolution

To increase the sensitivity of exoplanet observations, high-dispersion spec-
troscopy can be combined with high-contrast imaging (Sparks et al., 2002;
Snellen et al., 2015). Light that originates from the planet is distinguished
from the dominating starlight by simultaneously resolving the planet in the
field, as well as using its spectral properties that are different from that of
the star. This results in deeper contrast limits compared to traditional direct-
imaging methods, especially close to the star where the signal of the planet
is hard to distinguish from diffracted starlight (Lovis et al., 2017; Luger et al.,
2017; Mawet et al., 2017; Wang et al., 2017).

To achieve this, the spectrograph needs to obtain spectra from a range of
directions on the sky. One-dimensional spatial resolution can be achieved
using a slit spectrograph: If the planet and the star are oriented parallel to
the direction of the slit, the spatial separation between the two can be used to
reject a fraction of the stellar spectrum if the planet and the star are resolved
(Snellen et al., 2015). However, this requires knowledge about the orientation
of the system, and spatial resolution is limited to one spatial dimension.

Integral-field spectrographs (IFS) achieve two-dimensional spatial resolu-
tion by dividing the field-of-view into separate sub-fields each of which
is independently dispersed. This can be done using an image-slicer, which
slices the field into multiple sub-slits (see Figure 1.4), or with an array of
micro-lenses, each of which images a different part of the field of view. The
data-reduction pipeline of an integral-field spectrograph typically produces
a three-dimensional data cube from each science observation. Two axes of the
cube represent the spatial dimensions on the sky, while the third dimension
covers wavelength (see Figure 1.5). The addition of this third dimension of in-
formation means that a trade-off must be made between spatial and spectral
resolution and coverage, because all the information needs to be contained
on a two-dimensional detector. This trade-off is driven by the science-case for
which the instrument is designed (see Chapter 3).

Integral-field spectrographs therefore have fewer detector pixels available
for capturing spectral information compared to their high-dispersion counter-
parts. Both the VLT and Keck telescopes have near-infrared IFS’s (SINFONI
and OSIRIS) that can be operated in combination with their respective AO
systems, making these instruments suitable for high-contrast imaging of hot
young gas giants. The spectral resolving power lies in the range of R ~ 3000 to
R ~ 5000, equivalent to radial velocities of 100 to 60 km s~'. Such resolving
power is not sufficient to resolve the orbital velocity of a planet or individ-
ual absorption lines, but the cross-correlation may still provide significant
contrast enhancement (see Chapter 5).
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2D image from
telescope

\ Pupil mirrors
¥ Slicing mirror \

Slit mirrors

Spectrograph slit

Figure 1.4: Conceptual representation of an image slicer used for integral-field slit-
spectroscopy. The 2D image formed by the telescope is cut into a number
of sub-slits which are re-imaged onto the entrance slit of the spectrograph
side-by-side. These are then spectrally dispersed and imaged onto a two-
dimensional CCD.
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Image slice at a single
wavelength
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Figure 1.5: Graphical representation of a 3-dimensional data cube of an integral-field
observation of an exoplanet system.
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1.2.5 Spectropolarimetry

Light can be described as the propagation of a transversal wave in the electric
and magnetic field according to the equations of Maxwell. The electric and
magnetic fields oscillate in perpendicular planes and the spatial orientation
of these planes together with the phase of the oscillation are referred to as
the polarization state of light.

Thermal radiation is caused by the random motion of an ensemble of
charged particles. Because of this random nature, thermal radiation has no
preferred orientation on average, and the observed electric field vector oscil-
lates randomly in all directions. Starlight is therefore unpolarized. However,
this symmetry is broken upon reflection off a surface: Depending on the ge-
ometry and the properties of the medium, the wave that oscillates in the plane
that is perpendicular to the surface of the medium will be attenuated. This
means that starlight that is scattered by the atmosphere or surface of an ex-
oplanet may be polarized by tens of percent, and this degree of polarization
holds information about the scattering material. Polarization observations of
exoplanets may therefore provide additional diagnostics of their atmospheres
and surfaces (see e.g. Stam et al., 2004; Stam, 2008; Karalidi et al., 2012). In
addition to preferentially selecting one polarization direction, some modes of
scattering may also induce a phase delay between the polariation directions.
This causes the field vector to rotate around the axis of propagation, and is
referred to as circular polarization. Circular polarization occurs rarely in as-
tronomical sources, and is mainly associated with complex organic molecules
and biological processes (Sparks et al., 2009; Sparks et al., 2012).

Measurements of the polarization state of the exoplanet spectrum may un-
lock such observables in future observations of exoplanets. However, these
observations will be challenging because absolute calibration of polarization
measurements is technologically difficult and because the global appearance
of such biomarkers on exoplanets are not yet experimentally corroborated
(see Chapter 3).

1.3 THIS THESIS

If astronomers want to fully understand and characterize exoplanets, astro-
nomical observations must overcome extreme contrasts and reliably measure
the intensity and polarization over large ranges of the electromagnetic spec-
trum at high spectral and spatial resolving power. The work presented in
this thesis aims to contribute to this endeavour by applying and developing
new ways to perform and analyse exoplanet observations. As larger, more
sensitive facilities are being developed, these techniques may be used in the

17



18 INTRODUCTION

future to characterize the surface environments of exoplanets, to assess their
habitability and potentially to aid in the discovery of extra-terrestrial life.

Chapter 2

Chapter 3

Chapter 4

Chapter 5

describes the application of the cross-correlation method to search for
gaseous TiO in the atmosphere of hot Jupiter HD 209458 b, potentially
associated with a thermal inversion layer. The data was obtained by the
high-dispersion spectrograph (HDS) on the Subaru telescope, and spans
one transit of HD 209458 b at optical wavelengths. The TiO molecule has
millions of absorption lines throughout the optical. We find that this
dataset can be used to discern the presence of TiO in the atmosphere
in HD 209458 b down to volume mixing ratios below 10~7. However,
the theoretical line-lists that are used to model the template spectrum
needed to cross-correlate the data with, are inaccurate at high spectral
resolution, hampering application of cross-correlation. This paper there-
fore advocates for more precise modelling of the energy levels of TiO
and other relevant molecules, or spectroscopic measurements in the lab-
oratory. This work has previously appeared in A&A (Hoeijmakers et al.,
2015).

presents a prototype for the Lunar Observatory for Unresolved Po-
larimetry of Earth (LOUPE). This instrument is designed to observe the
Earth from the surface of the Moon and characterize its optical linear
polarization spectrum as if it was an exoplanet. These data are needed
to benchmark future polarization observations of potentially habitable
exoplanets. We show that such an instrument can be small, robust and
fully solid-state, which is essential for application and reliable operation
in space. This work has been published in Optics Express (Hoeijmakers
et al., 2016).

presents an analysis of over 2000 archival high-resolution optical spec-
tra of the T Bootis system to search for the reflected light of the non-
transiting hot Jupiter T Bootis b. This data was obtained by various
spectrographs between 1998 and 2011, and when combined provides a
1o sensitivity to the reflected stellar spectrum of 5.0 x 107° times the
brightness of the star. The planet is not detected however, which means
that it likely has an albedo p < 0.11. Although low, such albedo val-
ues are not uncommon for hot Jupiters as evidenced by phase-curve
observations by space telescopes.

presents the first application of the cross-correlation technique to high-
contrast imaging observations of the young gas giant 3 Pictoris b, ob-
tained by the SINFONI integral-field spectrograph at the VLT in K-band.
We successfully remove the stellar flux from the data and reveal the
planet by cross-correlating with model spectra of CO and H;O. The
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cross-correlation function produces molecule maps of the system, which
provide an alternative to established high-contrast imaging methods
that suffer from residual starlight, especially at small angular distances
from the star. We show that this technique has significant potential
when applied with data of NIRSpec, MIRI and HARMONI; upcom-
ing medium-resolution integral-field spectrographs on the James Webb
Space Telescope and the ELT.
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A SEARCH FOR TIO IN THE OPTICAL
HIGH-RESOLUTION TRANSMISSION SPECTRUM OF HD
209458 B: HINDRANCE DUE TO INACCURACIES IN THE
LINE DATABASE

The spectral signature of an exoplanet can be separated from the spectrum
of its host star using high-resolution spectroscopy. During these observations,
the radial component of the planet’s orbital velocity changes, resulting in a
significant Doppler shift that allows its spectral features to be extracted. In
this work, we aim to detect TiO in the optical transmission spectrum of HD
209458 b. Gaseous TiO has been suggested as the cause of the thermal inver-
sion layer invoked to explain the dayside spectrum of this planet. We used
archival data from the 8.2-m Subaru Telescope taken with the High Disper-
sion Spectrograph of a transit of HD 209458 b in 2002. We created model
transmission spectra that include absorption by TiO, and cross-correlated
them with the residual spectral data after removal of the dominating stel-
lar absorption features. We subsequently co-added the correlation signal in
time, taking the change in Doppler shift due to the orbit of the planet into
account. We detect no significant cross-correlation signal due to TiO, though
artificial injection of our template spectra into the data indicates a sensitiv-
ity down to a volume-mixing ratio of ~ 10~ '°. However, cross-correlating
the template spectra with a HARPS spectrum of Barnard’s star yields only
a weak wavelength-dependent correlation, even though Barnard’s star is an
M4V dwarf that exhibits clear TiO absorption. We infer that the TiO line
list poorly matches the real positions of TiO lines at spectral resolutions of
~ 100,000. Similar line lists are also used in the PHOENIX and Kurucz stel-
lar atmosphere suites and we show that their synthetic M dwarf spectra also
correlate poorly with the HARPS spectra of Barnard’s star and five other M
dwarfs. We conclude that the lack of an accurate TiO line list is currently
critically hampering this high-resolution retrieval technique.

Hoeijmakers, de Kok, Snellen et al.
A&A, 575, A20 (2015)
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2.1 INTRODUCTION

Recently, carbon monoxide has been identified in the transmission spectrum
of the exoplanet HD 209458 b (Snellen et al., 2010). During transit, the radial
velocity of the hot Jupiter changes by a few tens of km s~!, resulting in a
changing Doppler shift that is measurable at a resolution of R ~ 10°. This
time variation of the planet’s spectral signature provides a powerful tool to
distinguish between the planet and the overwhelmingly bright host star, be-
cause the absorption features in the stellar spectrum are quasi-invariant on
these time scales (see Figure 2.1). Furthermore, because the orbital period of
the planet is well known, its radial velocity is known at all times and so the
Doppler shift of the planets’” absorption features can be targeted specifically.

This technique has also been successfully applied in other parts of the
orbit, where direct thermal emission of the planet is probed. Absorption in
the dayside spectra of both transiting and non-transiting hot Jupiters has
been observed: CO and H;O absorption in the atmospheres of T Bootes b,
HD 189733 b, 51 Peg b and HD 179733 b (Birkby et al., 2013; Brogi et al,,
2012; Brogi et al., 2013; Brogi et al., 2014; de Kok et al., 2013; Lockwood et al.,,
2014; Rodler et al., 2013). In the case of the non-transiting planets, this has
allowed for their previously unknown orbital inclinations to be determined
as 44.5° = 1.5° for T Bottes b (Brogi et al., 2012), which is consistent with the
measurement of Rodler et al. (2012), 79.6° — 82.2° for 51 Peg b (Brogi et al.,
2013), and 67.7° £4.3° for HD 179733 b (Brogi et al., 2014), which in turn lead
to a determination of their masses.

HD 209458 b is a well-studied exoplanet. It orbits a solar-type star once ev-
ery 3.5 days and is located 47 pc from the Sun (see Table 2.1 for the physical
properties of the system). Using the Spitzer Space Telescope Knutson et al.
(2008) found evidence for H,O emission in the IRAC bands at 4.5 um and
5.8 um, which is indicative of a thermal inversion layer in the atmosphere
of the planet. A temperature inversion is caused by the absorption of inci-
dent starlight in a high-altitude layer of the atmosphere. On Earth, solar UV
radiation is absorbed in the oxygen-ozone cycle, effectively absorbing all sun-
light short of 350 nm, heating the atmosphere and forming the stratosphere
between 10 and 50 km altitude (see e.g. Portmann et al., 2007, and references
therein). In the atmospheres of hot Jupiters, similar processes may occur, al-
beit in different chemical environments.

A number of compounds have been proposed to be capable of causing
the inversion layer in the atmosphere of HD 209458 b, one of which is TiO
(Hubeny et al., 2003; Burrows et al., 2007), a diatomic molecule that is known
to cause major absorption features throughout the optical and near-infrared
spectra of M dwarfs. An atmosphere containing a strong optical absorber like
TiO would furthermore be consistent with HD 209458 b’s low albedo (Rowe
et al., 2006). Désert et al. (2008) report a tentative detection of TiO absorption
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Figure 2.1: Toy model of the phase-dependent Doppler shift of TiO lines along the or-
bit of HD 209458 b. The white curves represent TiO-emission features ow-
ing to the inversion layer (greatly enhanced for visual purposes). During
transit around ¢ = 0, TiO produces slanted absorption lines (black). The
black vertical lines are stellar absorption lines, which are stable in time.
This difference in the behaviour of stellar and planetary features provides
a means of contrast between star and planet.
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in the transmission spectrum of HD 209458 b, though more recent broadband
studies seem to support a lack of TiO absorption in the transmission spectra
of other hot Jupiters (see e.g. Huitson et al., 2013; Sing et al., 2013; Gibson et
al., 2013; Bento et al., 2014). Also, models of hot Jupiter atmospheres suggest
that maintaining a significant gaseous TiO concentration at high altitudes is
difficult because of the condensation of TiO either at depth or on the night
side (Spiegel et al., 2009; Burrows et al., 2009; Fortney et al., 2010; Parmentier
et al., 2013). More recent observations of the day-side emission spectrum of
HD 209458 b, call the existence of the inversion layer into question (Zellem
et al., 2014; Diamond-Lowe et al., 2014). Interestingly, Stevenson et al. (2014)
observed molecular absorption features in the near-infrared dayside spec-
trum of Wasp-12b, possibly attributable to TiO. This contrasts with the opti-
cal transmission spectra of the same planet, as put forth by Sing et al. (2013).
Thus, it is as yet unclear whether TiO is an important chemical component of
hot Jupiter atmospheres.

In this study we apply a cross-correlation-based retrieval method to search
for TiO in the transmission spectrum of HD 209458 b at high spectral reso-
lution. Section 2.2 describes our dataset and the application of the method.
Section 2.3 discusses our results, followed by our conclusions in Section 2.4.

2.2 OBSERVATIONS AND DATA REDUCTION
2.2.1  Subaru data of HD 209458

The data used in this analysis were taken on October 25, 2002 using the High
Dispersion Spectrograph (HDS) on the Subaru 8.2-m telescope. The observa-
tions were performed by Narita et al. (2005) and were originally aimed at
detecting absorption of sodium and a number of other atomic species in the
transmission spectrum of HD 209458 b. These were later used by Snellen et al.
(2008) who did indeed detect sodium. The data consist of 31 exposures with
a mean exposure time of 500 sec and cover one 3h transit, plus 1.5h and o.5h
of baseline before and after, respectively. The spectrum is observed over 20
echelle orders, covering a wavelength range between 554 nm and 682 nm at a
spectral resolution of R ~ 45,000 (6.7 km s~ resolution). Each spectral order
is sampled at 0.9 km s~ per pixel over 4100 pixels. The basic data reduc-
tion (such as bias subtraction, flat fielding and 1D spectral extraction) were
performed by Snellen et al. (2008) and are described therein in detail.

2.2.2 HARPS data of M dwarfs

Our analysis relies on cross-correlating the transmission spectra of HD 209458
b with high-resolution template spectra of TiO-bearing models of HD 209458
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Parameter Symbol Value
Visible magnitude \% 7.67 £0.01
Distance (pc) d 474+ 1.6
Effective temperature (K) Tegt 6065 + 50
Luminosity (Le) L. 1.622+39%7
Mass (M) M, 1.119 £ 0.033
Radius (Rg) R. 1'155t8:8}2
Systemic velocity (kms—1)e vy —14.7652 £ 0.0016
Metallicity (dex) [F/H] 0.00 +0.05
Age (Gyr) 31798
Orbital period (days)® P 3.52474859
+0.00000038
Semi-major axis (AU) a 0.0470719:9992¢
Inclination (deg) i 86.71 £ 0.05
Eccentricity© ecosw  0.00004 + 0.00033
Impact parameter b 0.507 £ 0.005
Transit central time (H]D)b tc 2,452,826.628521
+0.000087
Transit duration (min)¢ tr 183.89 £3.17
Mass (Mj) M, 0.68519:913
Radius (Ry) Rp 1.35979:915
Density (g cm™3) Pp 0.33879918
Equilibrium temperature (K) = Teq 1449 +12

Table 2.1: Properties of HD 209458 (upper part) and HD 209458 b (lower part),
adopted from Torres et al. (2008).
a : Adopted from Mazeh et al. (2000).
b : Adopted from Knutson et al. (2007).
¢ : Adopted from Crossfield et al. (2012).
d : Adopted from the Exoplanet Orbit Database (Wright et al., 2011).
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Name Spectral type PID (ESO) PI

Proxima Centauri Mé6.0V 183.C-0437(A) Bonfils
GJ402 Ms.0V 183.C-0437(A) Bonfils
GJ9066 My.5V 072.C-0488(E) Mayor
GJ876 Ms.0V 183.C-0437(A) Bonfils
Barnard’s star M4.0V 072.C-0488(E) Mayor

Table 2.2: Overview of the archival M dwarf spectra used in this work, obtained using
the HARPS-south instrument.

b’s absorption spectrum which rely on line lists published by Freedman et
al. (2008, see sections 2.2.3 and 2.2.4). The optical spectra of M dwarfs are
dominated by TiO absorption features and are therefore natural benchmarks
against which we tested the accuracy of these TiO templates. Many nearby M
dwarfs have been observed extensively at high spectral resolution in order to
detect the radial velocity signature induced by potential orbiting companions.
We downloaded high-resolution spectra of five different M dwarfs from the
ESO data archive. These spectra were obtained by the HARPS spectrograph at
ESO’s 3.6m La Silla telescope, between 500 nm and 691 nm at resolutions of
R =115, 000. Information about the five stars is shown in Table 2.2. Barnard’s
star is used throughout this work as the primary example, and is shown in
the top panel of Figure 2.2 before the removal of all broadband features using
a high-pass filter (the spectra of the other M dwarfs were filtered in the same
way), and after correcting for its radial velocity of —110.51 km s~' (Nidever
et al., 2002).
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Figure 2.2: Top panel: Archival HARPS spectrum of Barnard’s star at a resolution of
R = 115,000. Middle panel: A PHOENIX model of a generic M4V dwarf.
Bottom panel: Kurucz model of Gliese 411, a standard M2V dwarf. These
three templates contain strong broadband features, which are removed by
applying a high-pass filter later in the analysis (not shown). The orange
region in the top panel covers the approximate extent of the spectral orders
of the HDS Subaru dataset, which are delimited by the solid vertical lines.

2.2.3 Post-processing and cross-correlation

The analysis of the high dispersion transmission spectra of HD 209458 b
differs at several points from that of infrared data used in previous high-
dispersion spectroscopy studies by our group (see Birkby et al., 2013; Brogi
et al., 2012; Brogi et al., 2013; Brogi et al., 2014; de Kok et al., 2013), which
are dominated by time-dependent telluric absorption features, mainly due to
variations in airmass. In the optical, the atmosphere presents no significant
absorption features except in some specific wavelength ranges. Rather, the
spectrum is dominated by stellar absorption lines. Assuming that the stellar
spectrum is stable during the transit, it can be removed by dividing each of
the individual spectra in the time series with the time-averaged stellar spec-
trum. In principle, this operation does not affect the planet signal because
it significantly shifts in wavelength during the observations owing to the
change in the radial component of the orbital velocity during transit (from
—15km s~ to+15km s~ ).

The full sequence of processing steps is summarized below. Intermediate
data products are shown in Figure 2.3.
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1 Broadband removal and normalization: To remove strong broadband
components such as the stellar continuum and the spectrograph’s blaze
function, the brightest exposure of each spectral order was divided into
50 wavelength regions. A seventh order polynomial was fit through the
maximum of each part to obtain the continuum level. This fit was re-
moved from all other exposures through division, removing the strongest
broadband features. Subsequently, the continuum of each of the expo-
sures was obtained by dividing each exposure into the same 50 regions
as above and again finding the maximum of each part. These continua
were interpolated, and removed through division. This acts to remove
residual broad-band variations not removed by the seventh-order poly-
nomial fit, and normalizes the continuum of each exposure to unity.
At this stage there were still significant residual broad-band variations,
which were removed at a later stage (see step 7).

2 Alignment of spectra: The spectra slowly drift in wavelength because
of both the change in radial velocity of the observatory during the
observations and instrumental instability. These misalignments are ap-
proximately a pixel and would adversely affect the removal of the time-
average stellar spectrum if left untreated. In each spectral order, a dozen
strong stellar absorption lines were identified by eye. To these lines in
each of the 31 exposures, Gaussian profiles were fitted to obtain the po-
sition of each line centre. A linear fit through the misalignments of the
different absorption lines was used to align the spectra to a common
reference frame (a higher order fit was not warranted because the scat-
ter in the determination of the line centroids was too high to identify
higher order components).

3 Wavelength solution: Because HD 209458 is a close solar analogue,
we matched our time-averaged spectrum (see next step) of the HD
209458 system to a model solar spectrum (adopted from the Kurucz
stellar atmosphere atlas) in a step-wise fashion. The strongest stellar
absorption lines were identified and matched by eye. This produced a
crude wavelength solution that was subsequently used to identify 30
- 40 less prominent lines in each order. We subsequently fitted Gaus-
sian profiles to the cores of these lines in both the data and the solar
template, producing a wavelength solution with a standard deviation
of 1.7 x 1073 nm + 0.7 x 1073, corresponding to 0.83 4 0.36 km s~' or
~ 12% of the spectral resolution. Because the solar spectrum is synthe-
sized at rest, the wavelength solution is calibrated to the rest frame of
HD 209458, so the mean radial velocity with respect to the observatory
on Earth is automatically corrected for. Any time-dependent Doppler
shifts had already been corrected in step 2. Therefore, each exposure is
now in the rest frame of the host star.
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4 Removal of stellar spectrum: Each pixel in each spectral order was
time-averaged by taking the median of the aligned spectra, which cor-
responds to taking the median of each of the columns of the array in
panel 2 of Figure 2.3. This average contains all time-constant stellar fea-
tures, but only a small part of the time-varying planet signal, since it is
shifted to a different column in each exposure. It is removed from each
exposure through division. The width of planetary absorption lines is
limited to 6.7 km s !, which is the resolution of the instrument. Be-
tween exposures, the planet signal is shifted by ~ 1.8 km s~'. There-
fore, the planet signal is present in no more than four exposures per
pixel column. These four exposures are part of a median with 27 other
exposures that do not contain the planet signal. Therefore, we expect
that up to 10% — 15% of the planet signal is removed along with the me-
dian stellar spectrum. This is not important for the rest of the analysis,
because we measure the significance of any TiO detection by our ability
to retrieve injected model spectra, which suffer in the same way from
this degradation (see section 2.3).

Removal of bad pixels and cosmics: The resulting residuals contain
bad pixels and cosmic rays. All pixels deviating by more than 4o from
the mean were reset to the mean, removing all significant bad pixels
and cosmic rays. As a result, 0.21% of all pixel values were affected.

Normalization by signal to noise: The noise in the residual spectrum
varies with pixel position owing to the presence of deep stellar absorp-
tion lines up until step 4. We divide each pixel in the residual spectrum
by the variance of that pixel value (variance of each column of panel 3,
Figure 2.2.3) to weigh down such pixels. Low S/R regions would other-
wise add a significant amount of noise to the cross-correlation function.

Suppression of broadband residuals: The residuals feature broadband
variations due to imperfect removal of instrumental effects and broad
stellar lines. Latent broadband variations were characterized by smooth-
ing each exposure with a Gaussian with a width of 40px (36 km s~ ')
and were divided out of the data. The last panel of Figure 2.3 shows
the residual of this final processing step, before the cross-correlation is
performed.

Cross-correlation: The planet’s potential absorption features were ex-
tracted by cross-correlating the residual spectra with template spectra
of TiO (see section 2.2.4) across the full wavelength range of the data,
so between ~ 554 and ~ 682 nm. The templates were Doppler-shifted to
velocities ranging between 4150 km s~ relative to the star, in steps of
1 km s~' (which roughly corresponds to the sampling rate of the data,
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Figure 2.3: Major post processing steps of echelle order 17 before cross-correlation.
The top panel shows the initial state of the spectral order, arranged such
that all exposures in this order are stacked vertically. The result of the re-
moval of the blaze pattern and the alignment of the individual exposures
(which cannot be seen by eye because the misalignments are on a sub-pixel
level) is shown in the second panel. The third panel shows the residuals
after dividing through the time-averaged spectrum (i.e. the average of the
spectrum obtained by averaging each column in the second panel). The
fourth panel shows the same residuals after removing 4c outliers, remov-
ing latent broadband features and weighing down noisy columns. The av-
erage standard deviation of the residuals at this stage is 0.45%. Only the
lower two panels are scaled to the same colour range.

0.9 km s~ per pixel). At the Doppler shift equal to the radial velocity of
the planet, the cross-correlation effectively co-adds all of the individual
absorption lines of the molecule.

2.2.4 Model spectra

For the purpose of applying the cross-correlation method to the case of TiO
in the atmosphere of HD 209458 b (see below), we generated several model
transmission spectra of atmospheres containing various concentrations of
TiO, at a sampling resolution of R = 240,000. The line database stems from
Freedman et al. (2008), who present a modified line list based on the one
published by Schwenke (1998). The model atmosphere has a temperature-
pressure profile as shown in Figure 2.4, and includes H; scattering and molec-
ular absorption due to TiO with volume mixing ratios (VMR) of 10=7, 1078,
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1077, 1071 and 10~"". The solar photospheric abundance of titanium is
1071 (Asplund et al., 2006), so the transmission spectrum of TiO is mod-
elled between ~ 1 and ~ 10~ times the solar abundance of Ti. These mixing
ratios were assumed to be uniform throughout the atmosphere. As such, no
chemistry, phase changes or dynamics were taken into account. The atmo-
sphere was assumed to have a temperature inversion as displayed in the right-
hand panel of Figure 2.4 (adopted from Burrows et al., 2007), but because the
background continuum originates in a star with an effective temperature of
6065 K, the assumption of a particular T-P-profile does not significantly influ-
ence the template spectrum. To confirm the robustness of the template to a
temperature mismatch, we also modelled a TiO-bearing atmosphere at a con-
stant temperature of 3000 K and cross-correlated it with the template shown
in Figure 2.4. The result is shown in Figure 2.6, and discussed in more detail
in section 2.3.1.

For benchmark purposes (see section 2.2.2), we also cross-correlated with
synthetic M dwarf spectra originating in the Kurucz and PHOENIX stel-
lar atmosphere model suites which necessarily include models of the TiO
molecule. Both models use a line list calculated by Plez (1998). The Kurucz
model is a template spectrum of the M2V dwarf GL411 at a resolution of
R = 100,000 (Castelli et al., 2003) and the PHOENIX model, a template of a
generic MgV dwarf (T = 3100K, log g = 5.0, Fe/H = 40.5, obtained from
the PHOENIX online database as presented by Husser et al. (2013)) at a res-
olution of R = 125,000. They are shown together with the HARPS spectrum
of Barnard’s star in Figure 2.2.

2.3 RESULTS AND DISCUSSION

The left-hand panels of Figure 2.5 show the correlations between the HDS
spectra of HD 209458 b and our TiO template at five modelled VMRs (see
section 2.2.4). The correlation coefficients are plotted as a function of the
radial velocity to which the template is shifted (horizontal axis) for every
individual exposure (i.e. time, vertical axis).

To assess the ability of the cross-correlation procedure to retrieve the tem-
plate spectra from real data, we inject the templates into the data prior to
cross-correlation using the known orbital velocity of HD 209458 b, between
steps 3 and 4 in section 2.2.3, similar to Snellen et al. (2010). Prior to injection,
we convolve the template with a Gaussian to match the spectral resolution of
the data (45,000), and convolve again with a box function to account for the
widening of the planetary absorption lines due to the changing Doppler shift
during the 500s exposures. This gives rise to the middle panels in Figure 2.5.
Injection of a TiO-bearing template at a VMR greater than 10~ clearly pro-
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T T T T T T 107 T

0.9840F ] ‘ 0.12

[ TiO-VMR=10" ] "

. { 107 0.10
0.9835 = I 100

C 1 § 0.08’}

- 1 E 10 3
0.9830 C ] Z; 10 0.06 ©

- 4 = e}

C 1 2 10l 2
0.9825 4 8 004

- {1 a

i ] 10

- o 0.02
0.9820 - M 100k

C ! ! ! ! ! ! ] . . . 0.00

560 580 600 620 640 660 680 1200 1400 1600 1800 2000
Wavelength (nm) Temperature (K)

Figure 2.4: Left panel: one of our model absorption spectra of HD 209458 b containing
TiO at a VMR of 107, normalized to the brightness of the system out of
transit and according to the temperature-pressure profile shown on the
right, along with the corresponding altitude in units of the planet radius.
Throughout this work, we employ this spectrum as a template in various
cross-correlation analyses, as well as four similar templates at lower VMRs;
and one template at a constant temperature of 3000 K. Note that the form
of the assumed T-P profile does not significantly impact the correlation
because the effective temperature of the star is ~ 6065 K.

duces a slanted feature, whose gradient is a measure of the orbital velocity of
the planet at which the template was injected.

Given that the radial velocity of the planet is known at all times, each expo-
sure (i.e. row in Figure 2.5) can be shifted to the rest frame of the planet. This
allows for co-addition of all exposures, the result of which is shown in the
right-hand panels in Figure 2.5. The S/N of the observed correlation peak is
indicative of the significance at which the template would be retrieved, had
it been identically present in the residuals. Evidently, the peak correlation
strength decreases with decreasing VMR, hence the VMR at which the corre-
lation peaks at the 30 level, which we consider to be the theoretical limiting
VMR at which TiO would be retrievable by applying the current analysis on
this data.

It is clear from the left-hand panels of Figure 2.5 that the residuals do not
correlate with our TiO templates. This non-detection is significant down to
VMRSs of 10710, as shown by the successful retrieval of our templates after
having artificially injected them into the data. This sensitivity limit corre-
sponds to 1073 times the solar abundance of Ti (Asplund et al., 2006). The
models of the atmosphere of HD 209458 b are greatly simplified approxima-
tions of the real physical environment. The assumption of a uniform VMR
across the entire atmosphere is especially questionable, because the atmo-
sphere is not expected to be homogeneous. However, by extending the ab-
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Figure 2.5: Strength of the cross-correlation signature as a function of radial velocity

and orbital phase. Each row of panels shows the cross-correlation with
model atmospheres with different VMR’s of TiO (left panels, ranging from
10=7 (top) to 10~ (bottom) by factors of 10). The models are also in-
jected into the data prior to cross-correlation (middle panels) to probe
the sensitivity of the procedure. Co-addition of all exposures (right pan-
els) is achieved by shifting each exposure (i.e. each row in the middle
and left panels) to the rest-frame of the planet and averaging them in
time. The dashed lines are the co-added correlation strength of the resid-
uals, after having injected them with the model template with which the
cross-correlation is performed. The solid lines are the co-added correlation
strengths of the residuals without prior injection of the template. The S/N
of the correlation peak is calculated by taking the peak correlation, and di-
viding it through the standard deviation of the cross-correlation response,
excluding a range of +20 km s~ in which the correlation peak itself re-
sides. Clearly, the presence of TiO would be convincingly retrieved at the
ppb level, provided that the line database is accurate.
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sorbing TiO layer uniformly throughout the atmosphere, the TiO absorption
at that VMR is maximized. The limiting VMR of 10710 is therefore a true
lower limit: If TiO were only present at a VMR of 1071 in parts of the atmo-
sphere, it would not be retrieved in this analysis.

Before invoking a plethora of reasons for this non-detection of TiO that
include hazes, obscuring clouds, screening by other species, cold-traps or
destructive chemistry, it should be noted that the sensitivity of the cross-
correlation procedure critically depends on the accuracy of the line positions
in the template spectrum. If the wavelength positions of the lines are inac-
curate, the cross-correlation procedure may not add their contributions con-
structively. As shown below, this is a real concern.

2.3.1  Evaluation of template spectra

Because TiO absorption visibly dominates M dwarf optical spectra, a high-
resolution optical spectrum of Barnard’s star can be used to test the accuracy
of our TiO template. Their mutual correlation should be very clear.

Figure 2.6 shows the cross-correlation between our TiO template at differ-
ent temperatures, the stellar atmosphere models and the HARPS-spectrum
of Barnard’s star. The TiO-bearing model of HD 209458 b (VMR=10"7, T-P
profile as shown in Figure 2.4) shows a correlation peak of 0.35 with the stel-
lar atmosphere models. The cross-correlation between our TiO templates at
3000 K and ~ 1500 K peaks at 0.9. M dwarf transmission spectra feature a
host of other optical absorbers, which decrease the correlation between an M
dwarf spectrum and a pure-TiO template. We regard this as the main reason
for the poor correlation between our TiO template and the stellar atmosphere
models, rather than a mismatch of the T-P profile associated with the tem-
plate.

In contrast to the stellar atmosphere models, a marginal correlation peak
of only 0.1 is observed between the TiO template and the HARPS spectrum.
From this we may conclude that our TiO-bearing model spectra do not accu-
rately reproduce real-world TiO absorption at high resolution.

To test the extent to which stellar atmosphere models and real M dwarf
spectra match each other at high resolution, we cross-correlated Barnard’s
star’s spectrum with the spectra of five other M dwarfs and with the PHOENIX
M4V model. This is shown in Figure 2.7. Regardless of differences in effective
temperature, metallicity, and S/N, real M dwarf spectra correlate strongly
with each other; with a peak of >0.75 in all cases. However, as is the case
with the TiO template, the PHOENIX model correlates at less than o0.15 with
all of the M dwarf spectra. This strengthens our conclusion that the mod-
elled spectrum of TiO is not representative of real TiO. The high correlation
between the TiO template and the PHOENIX and Kurucz models, suggests
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Figure 2.6: Correlation of our TiO template (at T ~ 1500 K), as shown in Figure 2.4,
with the PHOENIX M4V model (green), the Kurucz model of GL411 (red),
Barnard’s star’s optical spectrum (light blue) and the TiO template mod-
elled at a temperature of 3000 K (dark blue). All modelled spectra correlate
strongly with our TiO template, while Barnard’s star’s spectrum does not.
The high peak correlation between the two templates at different temper-
atures suggests that the assumption of an inaccurate T-P profile has little
effect on the templates.
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Cross—correlation M—dwarf spectra and PHOENIX
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Figure 2.7: Correlation of several M dwarf spectra (see Table 2.2) with Barnard’s star
(solid lines) and with the PHOENIX M4V model (dashed lines). The cross-
correlation procedure retrieves the Doppler shifts of the other M dwarfs,
since we did not shift these to their own rest frames, for the sake of clar-
ity. All M dwarfs correlate by more than o.75 with Barnard’s star, while
correlation with the model absorption spectrum never exceeds 0.15.

that the TiO line lists have a common source, and the same uncertainties in
the line positions seem to have persisted in the works of both Plez (1998)
and Schwenke (1998). A visual comparison of the models and the spectrum
of Barnard’s star, shows strong similarity between all three models at high
resolution, but a severe mismatch with the HARPS data (Figure 2.8).
Although the TiO models do not match the HARPS data well, our TiO
template is able to partially retrieve the presence of TiO in the Barnard’s star
spectrum. The extent of the inaccuracies of the models, as shown in Figure 2.8
near 530 nm, raises the suspicion that the marginal correlation with Barnard’s
star is not due to the haphazard alignment of model absorption lines. Instead,
it is possible that certain absorption bands are modelled more accurately
than others. To test the hypothesis that inaccuracies are only associated with
certain absorption bands only, we divide the available 130 nm range of our
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Figure 2.8: Visual comparison of the three TiO-bearing model atmospheres and the
HARPS-spectrum of Barnard’s star. The spectra are vertically offset for
clarity. Although some broad absorption lines of the stellar models seem
to line up with the HARPS-data, most narrow-band features (the majority
of them are due to TiO) are clearly misplaced. Some obvious mismatches
are indicated by the gray vertical lines.
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HARPS data into smaller sections and again cross-correlate our model of HD
209458 b with each section separately. The result is shown in Figure 2.9.

Over most of the wavelength range, our model does not correlate with the
TiO spectrum. However above 630 nm, the TiO template appears to match
the data better, increasing in correlation toward longer wavelengths (a trend
that may continue further toward the near infrared). The four sections shown
in Figure 2.9 correlate most at slightly different radial velocity shifts (few
km/s), meaning that ensembles of lines are collectively offset. This specifi-
cally indicates inaccuracies in the calculated values of the energy levels of the
TiO molecule.

2.3.2 Alternative template spectra

As shown above, the cross-correlation procedure is very sensitive to species
with rich optical absorption spectra in the HDS residuals. As for TiO, the sen-
sitivity reaches down to VMRs below the ppb level. Although we have also
shown that the line lists that are the basis of our TiO (and others) model spec-
tra display extensive inaccuracies, the template is able to partially retrieve TiO
features from Barnard’s star’s optical spectrum at wavelengths longward of
~ 640 nm and is thus to a certain extent useful for probing the atmosphere of
HD 209458 b for the presence of TiO. We therefore cross-correlate the residu-
als with the TiO template at a VMR of 10—/, using only wavelengths between
640 nm — 682 nm, the result of which is shown in the top row of figure 2.10.

Injecting the template into the residuals like before reveals a theoretical
sensitivity of 7.60 (top right panel of Figure 2.10). However, because the line
list is only partially accurate at these wavelengths, this is only an upper limit:
That is, if this line list was perfect, the presence of TiO in the atmosphere of
HD 209458 b at a volume-mixing ratio of 1077 would have been retrieved
with a significance of 7.60. Though since the line list suffers from unknown
inaccuracies, the true limiting VMR is not determined.

Earlier it was shown (Figure 2.6) that if the temperature-pressure environ-
ment of the TiO template does not match that of the data, the correlation is
not strongly affected. Therefore, although the temperature of the photosphere
of Barnard’s star is some 1500K higher than the atmosphere of HD 209458 b in
the terminator region, the TiO absorption present in the spectra of M dwarfs
may also be useful for identifying TiO absorption in exoplanet atmospheres
at high resolution. As shown before (Figure 2.7), the presence of noise in
a cross-correlation template does not destroy the cross-correlation at high-
resolution, and thus we propose to use the HARPS spectrum of Barnard’s
star as a template for cross-correlation with the HDS data of HD 209458 b.

Injecting the absorption spectrum of Barnard’s star into the residuals of
the HDS data does not provide a physically meaningful sensitivity. Although
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Figure 2.9: Cross-correlation of sections of the TiO template with the PHOENIX model
(left column) and with the Barnard'’s star spectrum (right column), at differ-
ent wavelengths. The TiO template correlates strongly almost everywhere
between 500 nm and 670 nm, while the correlation between the template
and the TiO-dominated spectrum of Barnard’s star is absent across most
of the wavelength range, and less than 0.4 in the best case. We also note
that maximum correlation occurs at slightly different radial velocities (an
extreme feature is observed between 520 nm and 530 nm). This is explicitly
indicative of wavelength-offsets of entire TiO bands (and thus inaccuracies
in the determination of the energy levels of the TiO molecule).
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Figure 2.10: Top panels: Correlation coefficients for cross-correlation with the TiO tem-
plate (VMR = 10~7) between 640 nm and 670 nm, with and without in-
jecting the template into the data prior to cross-correlation (middle and
left panel, dashed and solid lines respectively). Restricting the wavelength
range has reduced the signal-to-noise at which this template is retrieved
after injection by over 90 (compare to Figure 2.5), but it is not clear to
what extent persistent inaccuracies still adversely affect the sensitivity
of this restricted template. Bottom row: Correlation coefficients for cross-
correlation with Barnard’s star’s optical spectrum. No enhanced correla-
tion is observed. Given that the injection of the stellar absorption spec-
trum into the planetary transmission spectrum is not physically mean-
ingful, the sensitivity of this non-detection can’t straightforwardly be ex-
pressed in physical quantities like the limiting VMR.
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2.4 CONCLUSION

our template at ~ 1500K correlates significantly with the stellar atmosphere
models, the absorption spectrum of an M dwarf is not a good model for
the absorption spectrum of the upper atmosphere of HD 209458 b during
transit, because the underlying physical parameters are very different. In ad-
dition to the different temperature-pressure environments, the presence of
other species in an M dwarf’s photosphere and the different continuum level
(HD 209458 is a solar type star) make it difficult to adjust Barnard’s star’s
absorption spectrum to form a template from which parameters such as the
limiting VMR can be derived as before. Extracting a physically meaningful
TiO absorption spectrum from real-world absorption spectra of M dwarfs
would require more work and is beyond the scope of this study. For now, we
only use Barnard’s star’s spectrum to qualitatively probe for the presence of
TiO absorption in the HDS dataset. The resulting cross-correlation is shown
in Figure 2.10. Again, no significant correlation is detected.

2.4 CONCLUSION

We have probed the optical transmission spectrum of HD 209458 b for TiO
absorption using the time-dependent radial velocity of the planet, which can
be spectrally resolved at high resolution. At first glance our null-result seems
to in contrast with the possible detection of TiO by Désert et al. (2008) and to
be in line with more recent observations of hot Jupiters and models. Injection
of model TiO spectra into the data shows that our cross-correlation retrieval
method is sensitive to volume-mixing ratios down to 10710, and is thus the-
oretically capable of ruling out the presence of TiO at a stringent level.
However, this method relies on the accuracy of template spectra of TiO at
resolutions of R ~ 10°. Although such templates are available in the literature,
we observe that the line databases used to synthesize these spectra are based
on model calculations of the TiO molecule that display widespread inaccura-
cies. We infer that the energy levels of the TiO molecule are not determined
well enough to accurately synthesize absorption spectra at these resolutions.
Nonetheless, we have found that the TiO line list used to generate our tem-
plate spectrum is accurate to some extent at wavelengths between 640 nm and
670 nm and that the spectra of M dwarfs can also serve as cross-correlation
templates. However, using a high-resolution spectrum of Barnard’s star and
restricting our template to the aforementioned wavelength range do not re-
sult in a significant correlation. It would therefore seem that the presence of a
high concentration of TiO in the upper atmosphere of HD 209458 b in the ter-
minator region is unlikely. However, owing to the uncertainties regarding the
physical meaning of these template models, such a conclusion is tentative.
The lack of an accurate TiO line list is thus a critical hindrance to applying
this retrieval technique to search for the presence of TiO in the optical trans-
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mission spectrum of HD 209458 b. Also, since the TiO molecule is among the
best characterized molecules in astrophysics, we suspect that the absorption
spectra of less common and more complicated species are likely to be even
less accurately characterized. Furthermore, inaccuracies in the calculations
of line positions not only severely hinder the application of high-resolution
retrieval techniques like the one employed in this work, but they also per-
vade widely used stellar atmosphere models. Modern-day stellar atmosphere
codes apply highly advanced modelling techniques to poor line databases,
which is over a decade old in the case of TiO.

Therefore we conclude that an increasing community of observational and
theoretical astronomers would benefit from an immediate and extensive ef-
fort to improve the quality of the absorption spectra of molecules like TiO,
either through more sophisticated theoretical calculations or by means of di-
rect measurements in the laboratory.

ACKNOWLEDGEMENTS

This work is part of the research programmes PEPSci and VICI 639.043.107,
which are financed by the Netherlands Organisation for Scientific Research
(NWO), and was also supported by the Leiden Observatory Huygens Fellow-
ship. This work was performed in part under contract with the California
Institute of Technology (Caltech)/Jet Propulsion Laboratory (JPL) funded by
NASA through the Sagan Fellowship Program executed by the NASA Exo-
planet Science Institute. Support for this work was provided in part by NASA
through Hubble Fellowship grant HST-HF2-51336 awarded by the Space Tele-
scope Science Institute. Also, this research has made use of the Exoplanet Or-
bit Database and the Exoplanet Data Explorer at exoplanets.org. Finally, we
would like to thank Leigh Fetcher, Jaemin Lee and Patrick Irwin for providing
the TiO line-list needed to perform this analysis.



BIBLIOGRAPHY

Asplund, M., N. Grevesse, and A. Jacques Sauval (2006). , The solar chem-
ical composition.” In: Nuclear Physics A 777, pp. 1-4. DOL: 10.1016/j .
nuclphysa.2005.06.010. eprint: astro-ph/0410214.

Bento, J. et al. (2014). ,,Optical transmission photometry of the highly inflated
exoplanet WASP-17b.” In: MNRAS 437, pp. 1511-1518. DOL: 10 . 1093/
mnras/stt1979. arXiv: 1310.3893 [astro-ph.EP].

Birkby, J. L. et al. (2013). ,,Detection of water absorption in the day side atmo-
sphere of HD 189733 b using ground-based high-resolution spectroscopy
at 3.2 pm.” In: MNRAS 436, pp. L35-L39. por: 16.1093/mnras1/s1t167.
arXiv: 1307.1133 [astro-ph.EP].

Brogi, M. et al. (2012). ,The signature of orbital motion from the dayside
of the planet T Bootis b.” In: Nature 486, pp. 502-504. DOIL: 10 . 1038/
naturelll6l. arXiv: 1206.6109 [astro-ph.EP].

Brogi, M. et al. (2013). ,Detection of Molecular Absorption in the Dayside
of Exoplanet 51 Pegasi b?” In: Ap] 767, 27, p. 27. DOIL: 10.1088/0004 -
637X/767/1/27. arXiv: 1302.6242 [astro-ph.EP].

Brogi, M. et al. (2014). ,,Carbon monoxide and water vapor in the atmosphere
of the non-transiting exoplanet HD 179949 b.” In: A&A 565, A124, A124.
DOI: 10.1051/0004-6361/201423537. arXiv: 1404.3769 [astro-ph.EP].

Burrows, A. and G. Orton (2009). ,Giant Planet Atmospheres and Spectra.”
In: ArXiv e-prints. arXiv: 0910.0248 [astro-ph.EP].

Burrows, A. et al. (2007). , Theoretical Spectral Models of the Planet HD
209458b with a Thermal Inversion and Water Emission Bands.” In: ApJ
668, pp. L171-L174. DO1: 10.1086/522834. arXiv: 6709.3980.

Castelli, F. and R. L. Kurucz (2003). ,New Grids of ATLAS9 Model Atmo-
spheres.” In: Modelling of Stellar Atmospheres. Ed. by N. Piskunov, W. W.
Weiss, and D. F. Gray. Vol. 210. IAU Symposium, 20P.

Crossfield, I. J. M. et al. (2012). ,Spitzer/MIPS 24 pm Observations of HD
209458b: Three Eclipses, Two and a Half Transits, and a Phase Curve
Corrupted by Instrumental Sensitivity Variations.” In: ApJ 752, 81, p. 81.
DOI: 10.1088/0004-637X/752/2/81. arXiv: 1202.1562 [astro-ph.EP].

de Kok, R.J. et al. (2013). ,, Detection of carbon monoxide in the high-resolution
day-side spectrum of the exoplanet HD 189733b.” In: A&A 554, A82, A82.
DOI: 10.1051/0004-6361/201321381. arXiv: 1304.4014 [astro-ph.EP].

Désert, ].-M. et al. (2008). , TiO and VO broad band absorption features in
the optical spectrum of the atmosphere of the hot-Jupiter HD 209458b.”
In: A&A 492, pp. 585-592. DOIL: 10.1051/0004 - 6361 : 200810355. arXiv:
0809.1865.

53



54

Bibliography

Diamond-Lowe, H. et al. (2014). ,New Analysis Indicates No Thermal In-
version in the Atmosphere of HD 209458b.” In: ArXiv e-prints. arXiv:
1409.5336 [astro-ph.EP].

Fortney, J. J. et al. (2010). , Transmission Spectra of Three-Dimensional Hot
Jupiter Model Atmospheres.” In: Ap] 709, pp. 1396—1406. DOI: 10.1088/
0004-637X/709/2/1396. arXiv: 0912.2350 [astro-ph.EP].

Freedman, R. S., M. S. Marley, and K. Lodders (2008). , Line and Mean Opac-
ities for Ultracool Dwarfs and Extrasolar Planets.” In: Ap] 174, pp. 504—
513. DOL: 10.1086/521793. arXiv: 0706.2374.

Gibson, N. P. et al. (2013). , The optical transmission spectrum of the hot
Jupiter HAT-P-32b: clouds explain the absence of broad spectral fea-
tures?” In: MNRAS 436, pp. 2974—2988. poI: 10 .1093/mnras/stt1783.
arXiv: 1309.6998 [astro-ph.EP].

Hubeny, I, A. Burrows, and D. Sudarsky (2003). ,A Possible Bifurcation
in Atmospheres of Strongly Irradiated Stars and Planets.” In: ApJ 594,
pp. 1011-1018. DOI: 10.1086/377080. eprint: arXiv:astro-ph/0305349.

Huitson, C. M. et al. (2013). ,,An HST optical-to-near-IR transmission spec-
trum of the hot Jupiter WASP-1gb: detection of atmospheric water and
likely absence of TiO.” In: MNRAS 434, pp. 3252—3274. DOI: 10.1093/
mnras/stt1243. arXiv: 1307.2083 [astro-ph.EP].

Husser, T.-O. et al. (2013). ,,A new extensive library of PHOENIX stellar atmo-
spheres and synthetic spectra.” In: A&A 553, A6, A6. DOI: 10.1051/0004 -
6361/201219058. arXiv: 1303.5632 [astro-ph.SR].

Knutson, H. A. et al. (2007). ,Using Stellar Limb-Darkening to Refine the
Properties of HD 209458b.” In: Ap] 655, pp. 564-575. DOIL: 10 . 1086 /
510111. eprint: arXiv:astro-ph/0603542.

Knutson, H. A. et al. (2008). , The 3.6-8.0 pm Broadband Emission Spectrum
of HD 209458b: Evidence for an Atmospheric Temperature Inversion.”
In: Ap] 673, pp. 526—531. DOIL: 10.1086/523894. arXiv: 0709.3984.

Lockwood, A. C. et al. (2014). , Near-IR Direct Detection of Water Vapor in
Tau Bootis b.” In: Ap] 783, L29, p. L29. po1: 10.1088/2041-8205/783/2/
L29. arXiv: 1402.0846 [astro-ph.EP].

Mazeh, T. et al. (2000). , The Spectroscopic Orbit of the Planetary Companion
Transiting HD 209458.” In: ApJ 532, pp. L55-L58. por: 10.1086/312558.
eprint: arXiv:astro-ph/0001284.

Narita, N. et al. (2005). ,,Subaru HDS Transmission Spectroscopy of the Tran-
siting Extrasolar Planet HD 209458b.” In: PAS] 57, pp. 471—480. eprint:
arXiv:astro-ph/0504540.

Nidever, D. L. et al. (2002). ,Radial Velocities for 889 Late-Type Stars.” In: Ap]
141, pp. 503—522. DOL: 10.1086/340570. eprint: astro-ph/0112477.

Parmentier, V., A. P. Showman, and Y. Lian (2013). ,,3D mixing in hot Jupiters
atmospheres. I. Application to the day/night cold trap in HD 209458b.”



Bibliography

In: A&A 558, Ag1, Ag1i. por: 10. 1051/ 0004 - 6361 /201321132. arXiv:
1301.4522 [astro-ph.EP].

Plez, B. (1998). ,,A new TiO line list.” In: A&A 337, pp. 495-500.

Portmann, R. W. and S. Solomon (2007). ,Indirect radiative forcing of the
ozone layer during the 21st century.” In: Geophys. Res. Lett. 34, p. 2813.
DOI: 10.1029/2006GL028252.

Rodler, F, M. Kiirster, and J. R. Barnes (2013). ,Detection of CO absorp-
tion in the atmosphere of the hot Jupiter HD 189733b.” In: MNRAS 432,
pp- 1980-1988. DOI: 10.1093/mnras/stt462.

Rodler, F,, M. Lopez-Morales, and I. Ribas (2012). ,, Weighing the Non-transiting
Hot Jupiter T Boo b.” In: ApJ 753, L25, p. L25. por: 10.1088/2041-8205/
753/1/L25. arXiv: 1206.6197 [astro-ph.EP].

Rowe, J. E et al. (2006). ,,An Upper Limit on the Albedo of HD 209458b: Direct
Imaging Photometry with the MOST Satellite.” In: Ap] 646, pp. 1241—
1251. DOIL: 10.1086/504252. eprint: astro-ph/0603410.

Schwenke, D. W. (1998). ,,Opacity of TiO from a coupled electronic state cal-
culation parametrized by AB initio and experimental data.” In: Faraday
Discussions 109, p. 321. DOL: 10.1039/a800070k.

Sing, D. K. et al. (2013). ,HST hot-Jupiter transmission spectral survey: ev-
idence for aerosols and lack of TiO in the atmosphere of WASP-12b.”
In: MNRAS 436, pp. 2956—2973. DOL 10 .1093/mnras /stt1782. arXiv:
1309.5261 [astro-ph.EP].

Snellen, I. A. G. et al. (2008). ,,Ground-based detection of sodium in the trans-
mission spectrum of exoplanet HD 209458b.” In: A&A 487, pp. 357-362.
DOL: 10.1051/0004-6361:200809762. arXiv: 0805.0789.

Snellen, I. A. G. et al. (2010). , The orbital motion, absolute mass and high-
altitude winds of exoplanet HD209458b.” In: Nature 465, pp. 1049-1051.
DOI: 10.1038/naturef9111. arXiv: 1006.4364 [astro-ph.EP].

Spiegel, D. S., K. Silverio, and A. Burrows (2009). , Problems with the TiO Hy-
pothesis for Thermal Inversions in Hot Jupiter Atmospheres.” In: AAS/-
Division for Planetary Sciences Meeting Abstracts 41. Vol. 41. AAS/Division
for Planetary Sciences Meeting Abstracts, p. 68.03.

Stevenson, K. B. et al. (2014). , Transmission Spectroscopy of the Hot Jupiter
WASP-12b from 0.7 to 5 um.” In: AJ 147, 161, p. 161. DOI: 10.1088/0004 -
6256/147/6/161. arXiv: 1305.1670 [astro-ph.EP].

Torres, G., J. N. Winn, and M. ]. Holman (2008). , Improved Parameters for
Extrasolar Transiting Planets.” In: ApJ 677, pp. 1324-1342. DOI: 10.1086/
529429. arXiv: 0801.1841.

Wright, J. T. et al. (2011). , The Exoplanet Orbit Database.” In: PASP 123,
Pp- 412—422. DOI: 10.1086/659427. arXiv: 1012.5676 [astro-ph.SR].
Zellem, R. T. et al. (2014). ,, The 4.5 um Full-orbit Phase Curve of the Hot
Jupiter HD 209458b.” In: ApJ 790, 53, p. 53. DOIL: 10.1088/0004 - 637X/

790/1/53. arXiv: 1405.5923 [astro-ph.EP].

55






DESIGN TRADE-OFF AND PROOF OF CONCEPT FOR
LOUPE, THE LUNAR OBSERVATORY FOR UNRESOLVED
POLARIMETRY OF EARTH

We provide a proof of the technical feasibility of LOUPE: the first integral-
field snapshot spectropolarimeter, designed to monitor the reflected flux- and
polarization spectrum of Earth. These are to be used as benchmark data for
the retrieval of biomarkers, atmospheric and surface characteristics from fu-
ture direct observations of exoplanets. We perform a design trade-off for an
implementation in which LOUPE performs snapshot integral field spectropo-
larimetry at visible wavelengths. We used off-the-shelf optics to construct a
polarization modulator, in which polarization information is encoded into
the spectrum as a wavelength-dependent modulation, while spatial resolu-
tion is maintained using a micro-lens array. The performance of this design
concept is validated in a laboratory setup. Our proof-of-concept is capable of
measuring a grid of 50 x 50 polarization spectra between 610 and 780 nm of
a mock target planet - proving the merit of this design. The measurements
are affected by systematic noise on the percent level; and we discuss how to
mitigate this in future iterations. We conclude that LOUPE can be small and
robust while meeting the science goals of this particular space-application,
and note the many potential applications that may benefit from our concept
for doing snapshot integral-field spectro-polarimetry.

Hoeijmakers, Arts, Snik et al.
Optics Express, 24, 21435 - 21453 (2016)

3.1 INTRODUCTION
3.1.1  Multi-dimensional remote-sensing

When obtaining spectra of extended objects we need to record light intensity
as a function of image position and wavelength. This is challenging because it
requires that three dimensions of information are captured on a detector that
is generally 2D. This has led to the development of e.g. scanning slit spec-
trographs (in which one spatial direction is scanned in time), and integral-
field units (in which the field of view is cropped into smaller sections, each
of which is spectrally dispersed and imaged onto the detector using image
slicers or fibers). For a review about the development of spectroscopy, see Ha-
gen et al. (2013). When measuring polarization or polarization-spectra, this

57



58

THE LUNAR OBSERVATORY FOR UNRESOLVED POLARIMETRY OF EARTH

problem is aggravated by the need to capture two additional quantities that
describe the polarization state, which amounts to a 5-dimensional measure-
ment. Therefore, imaging polarimeters or spectro-polarimeters generally re-
quire moving parts to scan through polarization directions or wavelength in
time, or multiple beams, each with their own optics and detectors.

Implementations using moving-parts or multiple beams lead to non-common
path errors and are not always desirable when complexity needs to be low.
In recent years, several novel design concepts have been proposed to over-
come these limitations, to allow for instantaneous imaging spectroscopy (e.g
Dereniak, 2005), imaging-polarimetry (e.g. Kudenov et al., 2009; Kudenov et
al., 2011) or imaging spectro-polarimetry (e.g. Kudenov et al., 2012)). These
devices exploit the wavelength-dependent properties of polarization optics
to encode polarization information in the spectral dimension (i.e. spectral
modulation, as first proposed by Oka et al. (1999)), and collapse the remain-
ing dimensions onto the detector plane using interferometric or tomographic
methods.

Snik et al. (2009) presents a spectral modulator that performs snapshot
spectro-polarimetry and is optimized for measuring linear polarization. The
intensity spectrum is modulated by a sinusoidal modulation that encodes for
the linear polarization fraction and angle. In the current work, we present a
new design concept that combines this spectral modulation with a micro-lens
array. This results in a spectro-polarimetric integral-field unit that obtains the
linear polarization spectrum of a grid of independent field-points, in a single
exposure without moving parts.

We present this design in the context of an ongoing challenge in astron-
omy: The search for habitable planets around other stars and the signatures
of extra-terrestrial life. However, polarization measurements are important in
a wide range of fields, including medical, defense, surveillance, climate and
environment, and we expect that this type of device can find many applica-
tions outside astronomy as well.

The scientific background is expanded upon in the remainder of this sec-
tion. Section 3.2.3 explains the science requirements and the working princi-
ples of our design. Section 3.3 introduces a laboratory proof-of-concept, fol-
lowed by a discussion of its performance in section 3.4. Finally, section 3.5
describes the steps that we still need to take to optimize this instrument for
a real-world application as part of a space-mission.

3.1.2 Polarization of (exo)planets

Polarimetry is widely used in astronomical observations, for example to study
the planets in our solar system, interstellar dust-grains, circumstellar material
and the magnetic fields of stars (see Tinbergen (1996) and Hough (2006) or
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Snik et al. (2013) for comprehensive reviews). An enduring and important
challenge in astronomy is the search for habitable planets that orbit other
stars (extra-solar planets or ‘exoplanets’, in short). Much effort is directed at
finding these exoplanets and studying their characteristics after having been
discovered. The latter is especially problematic because planets are tiny com-
pared to stars and they emit or reflect very little light compared to their host
stars. The main challenge of exoplanet astronomy is thus to develop methods
to increase the contrast between a star and its accompanying exoplanet. The
fact that the contrast ratio (at visible wavelengths) between the brightness of
the Sun and the Earth as seen by an interstellar observer amounts to 10719,
shows that finding and studying an Earth-like exoplanet is a formidable chal-
lenge.

The light reflected by an exoplanet may be significantly polarized, depend-
ing on the scattering geometry (i.e. the illumination angle or “phase’ of the
exoplanet) and the composition and structure of the planet’s atmosphere
and/or surface. This means that exoplanet observations may benefit from po-
larimetry. Firstly because the contrast between the bright star and the much
fainter exoplanet is enhanced by filtering out the unpolarized starlight. Sec-
ondly, because the angle of linear polarization is determined by the on-sky
position of the planet with respect to the star (position angle), a polarime-
ter filters all possible noise sources that emanate from directions other than
the physical location of the planet. Thirdly, because the scattering, absorp-
tion and reflection properties of materials are wavelength-dependent, spectro-
polarimetric information provides additional diagnostics of an exoplanet’s
atmosphere and surface (Stam et al., 2004; Karalidi et al., 2012a). A good ex-
ample of the use of polarization in planetary science is provided by Hansen
et al. (1974), who used the polarization spectrum of Venus to determine that
its upper cloud deck is composed of sulfuric acid. This could not have been
derived from flux measurements of Venus. Also in the case of climate re-
search, polarization information is essential to determine the properties of
the different types of aerosols in the Earth’s atmosphere (see e.g. Mishchenko
et al., 2007).

As bigger telescopes and more advanced instruments are being constructed,
the field of exoplanet research is focusing on establishing whether particular
exoplanets satisfy minimal conditions for being habitable, and on the search
for so-called 'biomarkers’”: observables that are uniquely indicative of extra-
terrestrial life. An example of a biomarker is the spectral absorption band
of molecular oxygen (O2) between 759 and 770 nm. Molecular oxygen is
regarded a biomarker because the presence of oxygen in the Earth’s atmo-
sphere is the result of organic photosynthesis. Photosynthesis causes the at-
mosphere to be in chemical disequilibrium and without a constant supply of
oxygen from biological sources, the Earth’s atmospheric oxygen would be
lost to chemical and surface reactions on time-scales of 10° years (Duursma
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et al., 1994). Oxygen absorption in the spectrum of an exoplanet therefore in-
directly reveals the presence of extra-terrestrial organisms (though in certain
cases, abiotic sources of oxygen may exist (Narita et al., 2015)). Vegetation
also directly contributes to the reflection spectrum of an exoplanet. Chloro-
phyll -a family of biomolecules responsible for the absorption of sunlight in
the process of photosynthesis- reflects sunlight at green wavelengths between
500 and 600 nm and in the near-infrared beyond 700 nm. These spectral fea-
tures are called the ‘green bump” and the 'red edge’, are observable in the
Earth’s spectrum due to the planet-wide presence of photosynthetic organ-
isms (Seager et al., 2005; Briot et al., 2014). It was shown by Sparks et al. (2009)
that chlorophyll in photosynthetic microbes and plant-leaves induces circular
polarization upon reflection. This is attributed to the fact that chlorophyll
(like many other biological compounds) exhibit homochirality: The preferen-
tial occurrence of one particular configuration of an asymmetric molecule.
It is believed that homochirality is a necessary attribute of the information-
replicating processes which make life possible and it may even be a defining
aspect of life itself (Carroll, 2009). Although multiple scattering of light by
aerosol and cloud particles, and single scattering by some types of aerosol
particles, are known to produce circular polarization as well, the spectral
properties of homochiral biomatter are so distinctive that circular polariza-
tion can be concluded to be a powerful biomarker.

3.1.3 Earth as a model exoplanet

Future (polarization) observations of Earth-size exoplanets will necessarily be
disk-integrated, because the spatial resolution of even the largest telescopes
currently conceived is insufficient to resolve them. To assess the habitabil-
ity of such planets, these observations will be compared to disk-integrated
models of the Earth, which represent observations of Earth as if it was ob-
served from far away. At the same time, we need to understand how different
surface components contribute to the Earth’s total polarization spectrum, so
that a variety of distributions of Earth-like surface types can be matched to
observations. To reliably retrieve habitability-indicators from future spectro-
polarimetric data, versatile and well-tested benchmarks of the Earth must
thus be available.

Stam (2008) calculated the Earth’s disk-integrated polarization spectrum
for different diurnal phases (i.e. with major landmasses, the pacific ocean or
clouds dominating the spectrum); as well as the disk-integrated polarization
strength as a function of illumination angle (phase). They confirm that the
polarization spectrum provides an extra dimension along which to discern
clouds from liquid oceans from landmasses - the latter two being especially
difficult to discern by the shape of the disk-integrated spectrum alone. An-
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other important prediction is the visibility of the polarization of the rainbow
at ~ 30°, caused by high-altitude water droplets. As such, the polarization
phase-curve can reveal the presence of water vapour, a very important ingre-
dient of an Earth-like biosphere (Karalidi et al., 2012a).

Attempts at measuring the Earth’s polarization spectrum have been made
before. One technique is to use Earth-shine: Sunlight that is reflected by the
dayside of the Earth, onto the dark side of the Moon, into a telescope on the
night-side of the Earth. Excitingly, Earthshine measurements have revealed
that the Earth’s vegetation leaves strong biomarkers in the global reflection
spectrum of Earth (Pallé, 2010) and it might also leave a trace in the global
polarization spectrum (Sterzik et al., 2012). However, Earthshine suffers from
a number of drawbacks:

* Any telescope can only see the Earth-shine coming from the hemisphere
it is located on. That means that in order to measure the Earth’s glob-
ally averaged polarization spectrum, Earth-shine observations need to
be performed with telescopes spread out over the world. Measurements
taken with various instruments under various circumstances would
need to be combined, introducing systematic errors.

¢ Earthshine is observed on the un-illuminated side of the Moon. There-
fore, the range of Earth’s phase angles accessible to Earthshine observa-
tions is limited, because near full-Moon and new-Moon, Earthshine can
never be observed.

* When Earth-shine is reflected off the lunar surface, it partly de-polarizes.
This depolarization has a spectral dependence, varies across the lunar
surface and is generally not well understood. The de-polarizing be-
haviour of the lunar surface can not be measured by mapping the polar-
ization of sunlight reflected from the Moon. This is because polarization
and de-polarization constitute different elements of the Mueller matrix.
In the case of polarization, part of Stokes-I is transferred to Stokes-Q
and U. However, in the case of de-polarization, part of Stokes-Q and U
leak back into Stokes-1. See Bazzon et al. (2013) for an attempt at taking
lunar de-polarization into account.

Besides Earthshine, the POLDER and PARASOL instruments produced po-
larization maps of the Earth’s surface in the context of climate science (Parol
et al., 2004; Tanré et al., 2011). These instruments however, are in low-Earth
orbit and see only a small part of the Earth at any given instance of time. They
therefore can’t provide a measurement that integrates the light reflected off
the entire planet in a single observation (Pallé et al., 2009). Also, these ob-
servations were exclusively broad-band, so only limited spectral information
has been obtained from orbit.
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A common orbit further away from Earth is geostationary orbit, 35,786 km
above the surface. From this distance, the Earth has an angular diameter of
21° and can be imaged in one frame. However, the instrument would always
see the same hemisphere of Earth, per definition of geostationary orbit. There
are currently no spectro-polarimeters in geostationary orbit, and to observe
the Earth as if it would be an exoplanet, the instrument should be located
still further away.

3.1.4 LOUPE: Spectropolarimetry from the lunar surface

Karalidi et al. (2012b) propose to observe the Earth with a space-based spec-
tropolarimeter, using the lunar surface as a sufficiently distant platform to
produce disk-integrated polarization spectra. The surface of the Moon pro-
vides a stable vantage point from which the Lunar Observatory for Unre-
solved Polarimetry of Earth (LOUPE) can observe the Earth at all times. The
Moon is tidally locked to the Earth, which means that the same side of the
Moon always faces the Earth, and from any point on the Earth-facing side
of the Moon, the Earth is always at approximately the same position in the
sky. The diurnal rotation of the Earth allows the entire Earth’s surface to be
observed every 24 hours, and all phase-angles are scanned during each lunar
orbit.

From the lunar surface, the instrument will thus produce a full set of bench-
mark data after one month of observations, covering all configurations at
which the Earth could be observed if it had been an exoplanet in an edge-on
orbit (note that an exoplanet in an inclined orbit will show a limited range of
phase angles). A lifetime in the order of a few years would additionally make
these observations sensitive to the effect of seasonal variations.

Karalidi et al. (2012b) formulate conceptual requirements that these ob-
servations should minimally fulfil to produce the necessary scientific out-
put, and propose four possible implementations of LOUPE to accomplish
this, either by measuring only linear polarization or the full Stokes vector;
and with or without spatial resolution (i.e. imaging capability). In this paper,
we present the development of a laboratory prototype of LOUPE that per-
forms linear spectro-polarimetry with imaging capability. Although spatially
resolved observations of exoplanets will not be possible in the foreseeable fu-
ture, this implementation of LOUPE will allow the disk-integrated polariza-
tion spectrum to be obtained while simultaneously measuring local reflection
properties. This information can be used to understand the individual contri-
butions of the Earth’s major surface features to the globally averaged polar-
ization spectrum, and make the benchmark observations more flexible when
applied to Earth-like exoplanets with different surface distributions. We con-
structed a proof-of-concept using off-the-shelf optics and demonstrate that
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the instrument can be small, robust, and fully solid-state; and we conclude
that this instrument can be a valuable addition to any lunar mission without
having a large impact to the resources and complexity of the payload.

3.2 DESIGN OF LOUPE
3.2.1 Science-derived instrumental requirements

An outline of the scientific requirements of LOUPE were listed by Karalidi
et al. (2012b). These are adapted and expanded below to illustrate the driving
factors behind the design of our proof-of-concept for LOUPE.

1. Observations capture the entire disk of the Earth at any time.

2. Observations cover all diurnal phases and all phase angles of Earth.
From the lunar surface, this translates to an instrument lifetime in ex-
cess of 1 month, with an observing frequency of more than once per
hour to resolve the Earth’s rotation.

3. Observations minimally cover known biomarker signatures in the op-
tical part of the spectrum: The green bump between 500 — 600 nm, the
vegetation red edge between 700 — 760 nm and the O, A band between
750 — 770 nm.

4. The spectral resolution for polarimetry is 20 nm.

5. Considering that we wish to observe features at the level of the varia-
tions predicted by the polarization models of Earth as shown by Stam
(2008), the fraction of linear polarization Py is measured at every wave-
length with a sensitivity in the order of 0.1% and an absolute accuracy
of 1%.

6. The instrument leaves a small footprint on the resource budget of the
lander vehicle, such as size, mass, power consumption, data transfer
bandwidth. The quantification of such parameters is beyond the scope
of this paper.

Although the Earth is always visible from any point on the Earth-facing
side of the Moon, the non-zero eccentricity of the lunar orbit does cause the
Earth librate over the course of the orbit, with a projected extent of +8°.
Assuming a low level of mechanical complexity of the LOUPE instrument,
we discard active pointing of the instrument to track the motion of the Earth
on sky. This means that a field of view of at least ~ 20° by ~ 20° is needed
to have the Earth (which itself has a diameter of 2°) in view at all times. This
field could be integrated as a whole, but only if the Earth is not close to the
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Telecentric lens

Entrance aperture

Spectral modulator

Micro-lens array

Achromat

Disperser

Achromat

Detector plane

Figure 3.1: Schematic layout of LOUPE. Light enters through the aperture on the left.
The three different beams are three examples of the N x N beams gener-
ated by the MLA, each of which will see a slightly different direction on
the sky. Spectral dispersion is not shown.

horizon, and when the Sun is not in the field-of-view (at phase-angles clouse
to 180°). Given that the parameters of the lunar mission of which LOUPE will
take part are not yet known (the lunar horizon would likely be in view on a
mission to the lunar polar regions), and that we wish to observe the Earth’s
polarization spectrum also at large phase angles when the angular distance
between the Earth and the Sun is small, leads us to develop a solution with
imaging capability. This has the major benefit that spatial resolution enables
the independent characterization of the Earth’s major surface features. By
sampling the field of view with a grid of ~ 50 x 50 spatial elements, the
angular resolution of LOUPE is ~ 0.4°, equivalent to the angular scale of
Earth’s continents as seen from the Moon. For each such spatial point we
then obtain a polarization spectrum, and any spatial point that sees the lunar
horizon, the Sun or black space, will in principle not affect the measurement
of Earth’s disk.

3.2.2  [FU design

Our design is shown schematically in Fig. 3.1. The field-of-view is determined
by an entrance aperture in the focus of a telecentric lens. This aperture is
small compared to the focal length Fy of the lens, so all rays passing through
the aperture exit the lens in parallel. The parallel beam then passes through
the polarization modulation optics described in section 3.2.3 below.

To achieve imaging capability, we place a micro-lens array (MLA) at the
back focus of the telecentric lens. An MLA is a two-dimensional grid of N x N
lenslets, each of which sees a different part of the field of view and creates its
own image of the entrance aperture a focal distance F, away from the array.
The image plane of the MLA thus consists of a grid of N x N micro-images
of the entrance aperture, referred to as micro-apertures. This grid of micro-
apertures is subsequently imaged onto a detector using a pair of achromats
with focal lengths F3 and F4 so the detector sees a grid of N x N images of
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the entrance pupil. The FOV is determined by F;, the magnification of the
field is determined by the ratio of F3 and F4, and the magnification of each
micro-pupil is determined by the ratio of F, and F3. We place a dispersion
element in the middle of the 4f re-imaging system to spectrally disperse each
of the N x N micro-pupils into a micro-spectrum.

3.2.3 Spectral polarization modulation

We use polarization modulation to simultaneously encode the intensity and
polarization measurement along the wavelength axis of the spectrum. This
can be accomplished by exploiting the strong wavelength-dependence of
some polarization optics, which cause a sinusoidal intensity modulation to
be imprinted on top of the intensity spectrum. The idea of encoding the
full Stokes vector into the spectral dimension of a spectrograph was first
described by Oka et al. (1999) and Jones et al. (2004). Snik et al. (2009) pro-
posed to use a polarization modulator (sometimes referred to as a channelled
spectro-polarimeter in the literature) that only measures the linear polarization
spectrum, to detect and characterize the atmospheres of solar system planets.
Since then, this scheme has also been used in iSPEX, a citizen science project
aimed at measuring aerosols in the Earth’s atmosphere using smartphones
(Snik et al., 2014), and we use the same concept as the basis for our proposed
implementation of LOUPE.

Polarization modulation works by stacking a %-plate (QWP), a multiple-
order retarder with retardance 6(A) and a linear polarizer such that either
axis of the QWP is aligned with the linear polarizer, while the axis of the
multiple-order retarder is at a 45° angle with the other two. A linearly po-
larized input spectrum Sy (A) will receive a modulation that is sinusoidal in
frequency (see Eq. 3.1). The amplitude of the modulation scales with the po-
larization fraction Py, while the phase scales with the polarization angle, ¢; .
Both can be obtained by fitting a curve to the modulated spectrum (Snik et al.,
2009).

276 (A)
A

S+(A) = %50(7\) X [1 + P (A) cos ( +2¢L(A)>} (3.1)

Depending whether the linear polarizer is aligned with either the fast or
the slow axis of the QWP, the modulation shifts by 180°. If both these chan-
nels are obtained, they can be added to yield the original intensity spectrum
without the modulation. The modulation itself is recovered by subtracting
the two channels and normalizing it with the intensity-spectrum:

St +S-=S0(A) (3-2)
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Light enters the polarization modulation optics through the entrance aper-
ture and the telecentric lens, which together generate the desired field-of-
view. As mentioned before, all rays passing through the aperture exit the
lens and pass through the polarization modulation optics in parallel. This is
important because the retardance of waveplates depends on incident angle.
Also, polarization-active optics should be as close to the front of the instru-
ment as possible to reduce instrumental polarization induced by preceding
optics. When exiting the polarization modulation optics, the beam continues
to the MLA, where it is split up into micro-images of the aperture, each of
which is then individually re-imaged and dispersed.

3.2.4 Optical configuration

The MLA can be rotated around its optical axis such that the dispersion di-
rection is at an angle « with respect to the micro-pupil grid (see Fig. 3.2). A
proper choice of o stacks the micro-spectra onto the detector in such a way
that cross-talk between adjacent spectra is minimized, while maximizing the
number of detector pixels that can be used effectively. The optimal choice for
o depends on the length, width and number of micro-spectra. This means
that there is a trade-off between spectral range, spectral resolution, spatial
resolution, field of view and light-gathering power. The available detector
pixels have to be divided over the N x N micro-spectra, so a higher spatial
resolution (larger value of N) or a larger field-of-view necessarily decrease the
spectral performance. Conversely, a larger spectral range and higher spectral
resolution require the spectra to be dispersed over a larger number of detec-
tor pixels, limiting the value of N for a given detector size. Similarly, if the
light-gathering power is increased by increasing the entrance aperture, the
width of the resulting micro-spectra increases accordingly, requiring a larger
value for «, and thus shorter micro-spectra (less spectral bandwidth or dis-
persion). This trade-off allows for great flexibility in the application of this
design. Depending on the application, a direct exchange between spatial and
spectral range and resolution and light gathering power can be made, using
only robust steady-state components.

We conservatively assume that the grid of micro-spectra should fit on a
1k by 1k detector because larger detectors are rare in space-based applica-
tions. This upper limit on the amount of pixels limits the information density
of the observations and the implementation of LOUPE should thus focus
on de-magnifying and re-imaging the entrance aperture as finely as possi-
ble to allow for optimal stacking of the micro-spectra onto the detector. In
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Figure 3.2: A read-out of the grid of micro-apertures, overlaid with a schematic il-
lustration of how micro-spectra are stacked to fill the detector array. By
rotating the grid of micro-lenses by an angle « with respect to the spectral
dispersion direction, the micro-spectra can be stacked side-by-side. The
smaller « can be made without lateral overlap, the more space there is in
the dispersion direction for an increase in bandwidth or spectral resolu-
tion. The width of the spectra is determined by the magnification of the
micro-apertures onto the detector, or the point-spread function of the re-
imaging achromats, whichever dominates. The suppression of aberrations
is therefore crucial to stack the micro-spectra efficiently.

the case of LOUPE, light gathering power is not a major issue because the
Earth is a bright target, so LOUPE will use a small entrance aperture. There-
fore, the imaging performance of the instrument determines the point-spread-
function of the micro-apertures which then constrains the physical pixel size
of the detector: If the pixel scale of the detector does not match the point-
spread-function of the micro-aperture, the image of the micro-spectrum on
the detector will be under or oversampled.

If the grid of micro-spectra measures 50 x 50 elements, a total of 2500
micro-spectra should be contained in a single image. In order to fully ob-
tain the polarization modulation, each micro-spectrum should be imaged in
two polarization channels simultaneously (see section 3.2.3). Therefore there
are 200 pixels per individual micro-spectrum available on a 1kx1k detector.
If we further assume a bandwidth of 250 nm, a PSF measuring 2 pixels and
a margin of 1 pixel around all sides (to prevent lateral cross-talk between
micro-spectra), the dimensions of a micro-spectrum are 50 x 4 pixels, which
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results in a pixel scale of 5.0 nm/px and a spectral resolution of 10 nm/px.
This is enough to sample a polarization modulation with a period of 20 nm
as dictated to be a requirement in section 3.2.1. This pixel budget is thus the-
oretically sufficient to satisfy the sampling requirements. However, stacking
the micro-spectra onto the detector is a serious challenge. This is why our
proof-of-concept will be limited to the single-beam implementation of the
polarization modulation scheme, and we note that the pixel budget can be
relaxed greatly by choosing a larger detector (see Section 3.5).

3.3 PROOF OF CONCEPT
3.3.1  Optics

From left to right in Fig. 3.1 we have chosen the following optical compo-
nents: The entrance aperture is a circular pinhole with a diameter of T mm.
It is placed in the front-focus of a plano-convex F; = 150.5 mm lens with a
diameter of 25.4 mm, made of fused silica to minimize stress birefringence.
At the back focus of this lens, we place a square, 68 x 68 MLA measuring
15 x 15 x Tmm3, with a focal length of 0.93 mm. The polarization modulation
optics is placed between the lens and the MLA, and consists of a zero-order
QWP, a stack of six 4A retarding polymer films (the same films are used in
iSPEX (Snik et al., 2014)) and a 2" linear polarizer. The linear polarizer needs
to be rotated to obtain the two complementary polarization channels sequen-
tially. It is therefore placed in a rotation mount, so that it can be aligned to
either axis of the QWP (see Section 3.2.3) This implementation therefore does
not perform snapshot imaging polarimetry, as a sequence of two exposures is
needed to capture both polarization channels. In Section 3.5 we discuss how
this will be addressed in future iterations.

The focal plane of the MLA is re-imaged by a pair of identical 2" achromats
with a focal length of 100 mm, spaced 200 mm apart. The dispersive element
is a right-angle N-BKy prism placed on a rotation platform in the middle
between the re-imaging lenses. Because the spectral dispersion depends on
the incident angle of the beam onto the prism, the dispersion can be fine-
tuned by rotating this platform. The advantage of using a prism is that the
dispersion increases towards blue wavelengths. This counters the decrease in
the fast periodicity of the modulation at blue wavelengths, which scales with
)\]—Z(Snik et al., 2009).

At the image plane is a Point Grey Flea3 1.2 megapixel monochromatic
CMOS camera. The detector consists of 1280 x 1024 square pixels, measuring
5.3 um x 5.3 pm, and thus spans a total area of 6.8 x 5.4 mm?. The detector
is aligned to the dispersion direction of the prism, so that the micro-spectra
are imaged horizontally on the detector. Because the magnification of the two
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achromats is unity, the image plane of the MLA matches the size of the MLA
itself, which has an effective diameter of 14 mm. Therefore, this detector sees
only a quarter of the re-imaged micro-pupils, and thus covers only a quarter
of the total FOV. The micro-spectra are dispersed in the direction of the long
side of the detector and the micro-pupil grid is rotated such that the spec-
tra do not overlap, and that cross-talk between adjacent micro-spectra due
to the wings of the PSF is minimal (see Fig. 3.2 and Section 3.2.2). In order
to reduce aberrations induced by the re-imaging lenses, we add a circular
field stop and an 800 nm short-pass filter behind the first achromat. Regard-
less, because the pixel scale of 5.3 um? is small, the spectral performance of
this implementation will be limited by the imaging performance of the op-
tics as the spectral resolution is limited by the point-spread-function of the
micro-apertures, rather than the spatial sampling of the detector array. This
oversampling of the PSF is not relevant for our demonstration of the working
principle of LOUPE.

The F; = 150.5 mm objective lens generates a circular FOV with a diameter
of 9.6°. The beam exiting the lens has a diameter of 25.4 mm, which is subse-
quently vignetted by the mount of the MLA which has a circular clear area
14 mm wide. This thus cuts the total FOV to a diameter of 5.3°. Although
this is much smaller than the required 20° FOV, we note that the FOV can be
increased trivially by reducing the focal length of the lens to ~ 40 mm. How-
ever, we chose a slower lens because 4 cm between the lens and the MLA
would have been insufficient to fit our polarization modulation optics. The
image plane of the MLA is re-imaged onto the detector with unity magnifi-
cation, so the grid of micro-spectra is circular with a diameter of 14 mm. The
detector measures 6.8 x 5.4 mm?, so it sees only a quarter of the re-imaged
micro-pupils, and thus covers only a quarter of the already vignetted FOV.
This can be mitigated by choosing a detector with larger pixels.

3.3.2 Test observations

We have simulated science spectra with our LOUPE prototype using a Sty-
rofoam sphere as a model planet. The sphere (with a diameter of 7.8 cm)
was illuminated by a slide projector at an angle of 10° < vy < 90° with the
line of sight to the instrument, which was located at a distance of ~ 3 me-
ters from the target. Observations consist of median-combined sequences of
ten T m s~ exposures to reduce photon-noise. In each polarization channel
(Eq. 3.3), we also obtain such a sequence of wavelength calibration frames,
polarization calibration frames and dark frames.

To assess how the prototype performs at retrieving the polarization of the
Styrofoam target, we obtain control-measurements using a standard imaging-
polarimetry setup: The target is imaged onto the camera by a single lens that
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is preceded by a linear polarizer. We obtain the image at visible wavelengths
(between 400 nm and 800 nm) in a horizontal (S4) and a vertical (S_) channel,
parallel respectively perpendicular to the plane in which the light is reflected
off the target. P is obtained by aligning and combining the two channels.

3.3.3 Data reduction

The detector images the grid of micro-spectra and saves them in 16-bit mono-
chromatic TIFF images. We start the analysis by feeding a broadband deuterium-
halogen lamp into the setup using a fiber, thereby uniformly illuminating the
entrance aperture. This reveals each micro-spectrum at high contrast and al-
lows us to establish the location and extent of all micro-spectra. The micro-
spectra are surrounded by background flux, caused by aberrations, diffrac-
tion, internal reflections and other instrumental imperfections. In the uni-
formly illuminated image, we designate a collection of pixels between micro-
spectra that are furthest away from the bulk of the flux of the surrounding
micro-spectra. We fit a 3'4 degree polynomial surface to all these pixels in the
image to get a measure of the background flux, which we subtract. Bad pixels
are removed by interpolating pixel values that are more than 40 away from
their surroundings. Finally, the micro-spectra are cropped-out along rectan-
gular areas, and extracted by adding the pixel rows of the cropped region.
We co-add the rows with Gaussian weights to weigh down rows away from
the central pixel row, that are more sensitive to cross-talk from PSF-wings of
neighbouring micro-spectra (see Section 3.4 for an analysis of the cross-talk
in this setup). After extraction, we have thus obtained a 1D representation of
each micro-spectrum.

3.3.4 Wavelength calibration

To obtain a wavelength calibration, we illuminate the entrance aperture with
a HgAr line-lamp that emits 15 lines in the range between 450 to 820 nm.
We locate these lines in each micro-spectrum by obtaining the center-of-mass
of each line and matching those to the known line-positions of the mercury-
argon spectrum. Not all lines are resolved by LOUPE, so we match the center-
of-mass of a group of unresolved lines to the center-of-mass of the known
wavelength-positions, while weighing for the individual line strengths. We
map pixel positions to wavelength by performing a 4™ degree polynomial fit,
also weighted to the known line strengths. This yields a wavelength-solution
for each extracted micro-spectrum.
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3.3.5 Polarization calibration

The modulation as described by Eq. 3.3 scales with Py (A) between o and 1.
However in practise, our prototype is not able to produce a modulation with
an amplitude of 1 when illuminated with fully polarized light. This is because
the performance of the polarization optics is not perfect and wavelength de-
pendent. Though the wavelength dependence of the multiple-order retarder
was exploited to produce the polarization modulation, similar wavelength
dependence of the QWP and the linear polarizer results in reduced efficiency
at wavelengths away from the rated optimum wavelength of the optics. Sim-
ilarly, the imaging performance of the lenses deteriorates near the edges of
the wavelength range. This means that spectral resolution of the instrument
decreases accordingly so that light from a maximum of the modulation may
leak into the surrounding minima, decreasing the observed amplitude of the
polarization modulation. This effect is especially relevant towards blue wave-
lengths, because the frequency of the polarization modulation increases with
decreasing wavelength (Snik et al., 2009).

The wavelength-dependence of the efficiency of the instrument is calibrated
by fully polarizing the deuterium-halogen input (see Section 3.3.3) using a
linear polarizer. In our case, only a single reflection geometry is relevant (see
Section 3.3.2). Ideally however, we would calibrate Stokes-Q and U indepen-
dently because the retardance of the QWP is not exactly 7\, which reduces
the ability of the polarization modulator to register polarization in the direc-
tion of U (Snik et al., 2009; van Harten, 2014).

The calibration spectrum also yields a measurement of the retardance 5(A)
of the multiple-order retarder and the zero-point angle of the input polariza-
tion ¢r. These are represented by the frequency and the phase of the modu-
lation, and are obtained by fitting the modulation (Eq. 3.3) to each calibration
spectrum.

3.3.6 Demodulation

Equation 3.3 assumes that the transmission in both polarization channels is
identical, in which case the modulation function oscillates around o. How-
ever in practise, the throughput of the instrument will be slightly depen-
dent on the input polarization, which means that both channels need to be
normalized independently. We adopt the procedure outlined by Harten et
al. (2014), who iteratively correct the wavelength-dependent transmission for
each channel t4 (A) by requiring that the integral over any period of the mod-
ulation is o. The deviation from o is measured for ~ 200 steps in phase (i.e.
wavelength), which is then fit with a 4™ degree polynomial to obtain the
wavelength-dependent transmission correction on t4 (A) (see Fig. 3.3).
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De-modulation of a fully polarized micro—spectrum
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Figure 3.3: Step-wise reduction of a single micro-spectrum from the two calibration

channels (i.e. fully polarized input either in the horizontal or vertical di-
rection). The top panel shows both channels of a single micro-spectrum
after dark subtraction, background correction and extraction. In the mid-
dle panel, the two have been modulated such that the transmission in
both channels is equalized. The bottom panel shows the extracted polar-
ization modulations as described by Eq. 3.3. In order to obtain a polariza-
tion measurement from these, we fit the modulation (Eq. 3.3) to a 15 nm
range around each point. The measured amplitudes are then divided by
the modulation amplitudes of the respective (fully polarized) calibration
micro-spectra, the result of which yields Py for each point. Note that the
wavelength range is cut during the analysis. On the one hand, this is be-
cause of low signal-to-noise of the calibration spectra. On the other, chro-
matic aberrations deteriorate the spectral resolution towards shorter wave-
lengths, causing the polarization modulation to become unresolved. Also
note that the efficiency of the spectral polarization modulation-optics at
producing the polarization modulation (amplitude of the modulation), di-
minishes long-ward of 700 nm. This is due to the break-down of the linear
polarizer at red wavelengths.
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Figure 3.4: A readout of a single LOUPE exposure while observing the Styrofoam test-
sphere, illuminated to simulate a planet at close to 90° phase. Microspec-
tra #1 to 3 are separately shown in figure 3.5, for illustrative purposes.
Significant linear polarization is caused in this scattering configuration as
evidenced by the fact that the polarization modulation can be observed by
eye in the zoomed-in section in the upper-right.

The corrected modulation is fit within bins of 20 px (on average ~ 30 nm)
wide between wavelengths of 610 and 800 nm (as the efficiency of the mod-
ulation diminishes blueward of 610 nm), while keeping the retardance (A)
fixed to the value as measured by fitting the entire calibration spectrum. This
provides a measurement of the average amplitude of the modulation per
wavelength-bin, for both the “science” micro-spectra as well as their associ-
ated calibration micro-spectra (see Fig. 3.3). These are divided to yield the po-
larization spectrum of each field-point. The angle of polarization is obtained
by subtracting the measured phases of the calibration spectra from those of
the “science” spectra.

3.4 PERFORMANCE OF THE LOUPE PROTOTYPE

Figure 3.4 shows a readout of the prototype, with the polarization modula-
tions of three micro-spectra illustrated in Fig. 3.5, along with the resulting
measurements of Py (A). Each point of Py is obtained by fitting the modula-
tion curve in a range of 15 pixels from that point, and therefore represents
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Figure 3.5: Top panel: The three micro-spectra selected in figure 3.4 after extraction,

wavelength calibration and transmission correction. Middle panel: The an-
gle of polarization ¢ relative to the phase of the calibration spectra. The
increased scatter in retrieved polarization angle of micro-spectrum #3 is
reminiscent of the fact that the modulation is dominated by noise because
the amplitude is low. Bottom panel: P is obtained by combining the two
polarization channels of each according to Eq. 3.3 (only one channel is
shown in the top panel), fitting the amplitude as a function of wavelength,
and dividing the measured amplitudes by the corresponding amplitudes
measured in the fully-polarized calibration micro-spectrum. Note that the
wavelength-range is reduced at the edges, because the fit at the edge of
the spectrum generates a measurement of Py at the center of the fitting
range, and that the measurement of Py is smoothed with a box-window
that matches the size of the fitting range around each point.
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Figure 3.6: Comparison of a measurement obtained by LOUPE versus a higher resolu-

tion image obtained using a standard linear polarizer. The target is the Sty-
rophome sphere, illuminated from a right angle. The top panels show the
raw intensity image of the linear polarimeter (upper-left, arbitrary colour
scale), and the average of the intensity in the micro-spectra between 600
and yoo nm, as determined for each micro-spectrum obtained by LOUPE
(upper-right). The bottom panels show the resulting distribution of P on
the sphere as measured by subtracting the two channels taken with lin-
ear polarimeter (bottom-left), and the average of P; measured by LOUPE,
also between 600 and 700 nm (bottom-right). The control measurement of
Py in the bottom-left panel was blurred and down-sampled to the same
angular resolution and grid-size as the measurement by LOUPE in the
bottom-right panel. The colour scale is the same for both lower panels,
which shows that LOUPE is able to reproduce the global variations in Py,
at the same qualitative level. The crosses in the right panels denote the
locations of micro-spectra. This grid is slanted because the MLA is rotated
with respect to the detector array. Only micro-spectra with sufficient flux
were extracted and analysed.
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a ~ 23 —42 nm bin (at 610 and 800 nm respectively) within which Py is mea-
sured. These measurements are subsequently smoothed to the bin-size (Snik
et al., 2009), producing bin-averaged measurements of P; with a typical scat-
ter of a few percent. This level of noise scatter is fully accounted for by photon
noise in the micro-spectra (primarily noise in the science-frames because flux
levels are low), readout noise and photon-noise in the background that was
subtracted.

With a measurement of Py for each micro-spectrum, we re-construct the
spatial dependence of the polarization fraction across the image, and com-
pare it with control measurements obtained with the linear polarimetry setup
(see Section 3.3.2). Figure 3.6 shows this comparison for the intensity images
(top panels) and polarization (bottom panels). LOUPE is able to retrieve the
major features in the polarization map, notably the specular reflection and de-
creasing polarization towards the edge on the right side of the sphere. Quan-
titatively, systematic errors clearly persist on the percent level: LOUPE seems
to overestimate the polarization by a few percent near the edges of the disk,
while not reproducing the strong polarization towards the poles observed in
the control measurement.

There are a number of possible causes for systematic errors. Most impor-
tantly, there is the possibility that micro-spectra are stacked too closely to-
gether, causing cross-talk between neighbouring micro-spectra. Cross-talk is
especially important when the amplitude of the polarization modulation is
high (as is the case for the polarization calibration spectra) because the maxi-
mum of the polarization modulation of one micro-spectrum can strongly con-
taminate the minimum of an adjacent spectrum. This means that cross-talk is
expected to peak at certain wavelengths (van Harten, 2014). For each pixel (in
the spectral direction between 600 to 8oo nm, which covers all of our effective
wavelength range, see Section 3.3.6) of each micro-spectrum, we modelled
the integrated flux originating from all adjacent micro-spectra by fitting their
lateral profiles with Gaussian distributions. We define cross-talk in any pixel,
as the ratio of the flux originating from all neighbouring micro-spectra, to
the total flux in the pixel. We find that for the micro-spectra onto which the
Styrofoam sphere is imaged, the peak cross-talk exceeds 5% in three of the
polarization calibration spectra, but never exceeds 5% in the science-frames.
At the same time, the wavelength-averaged cross-talk is never higher than
0.5% for any of the polarization calibration spectra, and never exceeds 0.2%
for any of the science-spectra.

However, close examination of the high-contrast images used to calibrate
the locations of the micro-spectra (Section 3.3.3) reveal the presence of a sig-
nificant ghost associated with each micro-spectrum, caused by an internal
reflection in the re-imaging system. These ghosts partly overlap with the
cores adjacent micro-spectra and may cause significant cross-talk - as they
can be discerned by eye. We therefore conclude that although cross-talk from
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the PSF-wings of adjacent micro-spectra cannot account for systematic errors
of several percent on the measured polarization levels, it is possible that an
internal reflection can.

Besides cross-talk, there are a number of other sources of error that could
contribute to the observed systematic variations, and which must also be
addressed in future iterations. Firstly, the linear polarizer used to calibrate
LOUPE, as well as the polarizer used in the imaging polarimeter with which
we perform the control measurements are wavelength-dependent and not
calibrated. Similarly, the light-source used to illuminate the Styrofoam sphere
is not stabilized and may be varyingly polarized.

Secondly, we have not characterized the instrumental polarization. The
polarization-modulation optics are preceded only by a single objective lens
which is made of fused-silica to minimize stress-birefringence. Although we
expect this lens not to cause significant polarization, it was not calibrated for.

Thirdly, an incorrect extraction of large-scale background flux (the mea-
surement of which is affected by the presence of ghosts) will offset all micro-
spectra, decreasing the amplitude of the polarization modulation (Snik et al.,
2009; van Harten, 2014). Fractionally, this would affect the polarization cali-
bration spectra more strongly than the science spectra, causing an apparent
excess of the derived polarization which is dependent on the location in the
field.

Fourthly, detector non-linearity was not characterized, and would again
mainly affect the polarization calibration because the flux levels in these spec-
tra were generally high.

Finally, because S+ and S_ are obtained separately by manually rotating
the linear polarizer of the polarization modulation optics, the two channels
are not imaged on the same detector position, which introduces errors due
to flat-field and defocussing.

We note that systematic errors on the percent-level are not unexpected,
given the usage of rotating polarizers and an un-stabilized light source to
perform calibration measurements. Solving these systematic errors by using
better calibration data and by addressing the issues mentioned above with a
more sophisticated data reduction method and higher quality components, is
beyond the scope of this proof-of-concept. More importantly, there are some
qualitative departures from the requirements stated in Section 3.2.1 and the
design concept described in Section 3.2.2. These represent no fundamental
barriers however, and possible avenues and considerations for addressing
these issues in future iterations are discussed in the following section.

77



78

THE LUNAR OBSERVATORY FOR UNRESOLVED POLARIMETRY OF EARTH

3.5 OPTIMIZING THE PROTOTYPE MODEL
3.5.1 Beamsplitter

The notion of a snapshot linear polarimeter is defeated when the polarization
channels S and S_ need to be obtained in sequence with a rotating polarizer,
as is the case with this proof-of-concept. It uses a single beam setup whereas
LOUPE should measure two beams simultaneously to do full linear spectro-
polarimetry using snapshot observations. Dual-beam capability is achieved
by replacing the linear polarizer with a polarizing beamsplitter. This doubles
the density of micro-spectra on the detector array as noted in Section 3.2.3.
We performed a trade-off analysis between a Wollaston prism, a Savart plate
and a polarization grating.

¢ The Wollaston prism would be placed in the pupil-plane near the disper-
sive element. The two polarization channels exit the prism in diverging
beams, with separation angle y. The plane of separation is perpendicu-
lar to the dispersion direction of the dispersion element, such that the
micro-spectra belonging to each channel are stacked laterally.

* The Savart plate is similar to the Wollaston prism, but would be placed
in the focal plane of the MLA. It splits the two polarization channels
into beams that exit the plate in parallel, with spatial separation d. The
plane in which the beams are separated is again perpendicular to the
dispersion direction, causing the micro-spectra to be duplicated in the
lateral direction.

* The polarization grating would combine the functionality of a beam-
spltiter and a dispersion element (Packham et al., 2010), and be placed
in the foci of the two re-imaging achromats. The polarization grating
disperses the beam into two spectral orders, each in orthogonal polar-
ization directions. The two orders lie on opposite sides of an undis-
persed zero-th order which serves as a direct measurement of the total
integrated flux (Stokes-I).

Of these, we consider the Savart plate to be the best option for LOUPE.
The advantage of the Savart plate over the Wollaston prism is that the sepa-
ration angle of the Wollaston prism varies over the field, because the beams
coming from the MLA pass through the prism at different incidence angles.
The Savart plate does not have this problem because it is located in a par-
allel beam. An additional disadvantage of using a Wollaston prism, is that
it would be sensitive to systematic polarization originating in the MLA and
the first achromat. In contrast, the Savart plate is located one step earlier
in the optical path. Finally, the separation between the exiting beams of the
Savart plate depends on the thickness of the plate. To efficiently stack the
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micro-spectra the separation must be made small, which can be achieved by
choosing a thin plate. By putting an achromatic half-wave plate (HWP) be-
tween the two parts of the Savart plate, any crystal abberations (primarily
astigmatism) will be identical in both polarization directions which means
that they can be corrected for using a cylindrical lens (Keller, 2006).

We favor the Savart plate over the polarization grating because in the lat-
ter implementation, optimally stacking the spectra onto a small detector is
more complicated. With a polarization grating, the spectral dispersion and
polarization splitting occur in the same direction. Ideally, spectra are stacked
such that the gap between the zero-th and first order of one spectrum is filled
by the first order of a nearby micro-spectrum (Rodenhuis et al., 2012). This
reduces the stacking efficiency at the edges of the field, where gaps between
the dispersion orders will not be filled. For higher dispersion strengths, the
orders will be further apart, so the total stacking efficiency will decrease with
spectral resolution. In the case of the Savart plate, the spectral dispersion is
decoupled from the polarization separation, allowing for more efficient stack-
ing on a small detector.

3.5.2 Stacking

Figure 3.2 shows how single-channel observations are stacked onto the de-
tector using the Savart plate. The lateral distance between micro-spectra in
the single-beam setup is ~ 50 um (equivalent to 10 px, see figure 3.4) and if
we assume the same margin in the dual-beam implementation, the length of
each micro-spectrum should be halved in order to double the available space
needed to image the second channel. Now the trade-off described in Section
3.2.2 is particularly relevant: Reducing the spectral dispersion reduces the
bandwidth and/or the spectral resolution, provided that the detector pixels
are shrunk accordingly. This has implications for the dimensions of the de-
tector and the accessible field-of-view. Conversely, maintaining bandwidth
and spectral resolution means that a smaller amount of micro-spectra can be
fit onto the detector, resulting in a reduced spatial resolution or increased
cross-talk, if spectra are to be stacked more closely to each-other.

We made a MATLAB simulation to optimize dual-channel stacking on a 1k
by 1k detector considering the application of both a hexagonal and a square
MLA. We assume square pixels with a size of 10x10 pum? and micro-spectra
with a length of 64 pixels (slightly longer than theorized in Section 3.2.2), a
width of 2 pixels and a lateral margin of 3 pixels (giving a total lateral dis-
tance of 5 x 10 pm = 50 um between spectra). As argued before, better spec-
tral characteristics can be achieved by reducing aberrations (which decreases
the margin needed between adjacent micro-spectra) and by increasing the res-
olution and size of the detector array. From the MATLAB simulation it was
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Figure 3.7: Stacking using a square MLA (left), compared to a hexagonal MLA (right).
The red and blue spectra denote the two polarization channels. For mictro-
spectra with these dimensions, a hexagonal MLA grid allows for more
efficient stacking than a square MLA grid.
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Figure 3.8: The dual beam concept for LOUPE. The red and black beams emerging
from the Savart plate represent the two orthogonal polarization channels.
Dispersion is not shown.

found that optimal stacking with a hexagonal MLA occurs at a rotation angle
of o = 12.5°, in which case a maximum of 44 x 35 spectra can be fully imaged
on the detector. In contrast, a square MLA allows a maximum of 32x34 spec-
tra at a rotation angle of o« = 26.5° (see Fig. 3.7). A hexagonal MLA therefore
provides better stacking efficiency than a square MLA, which serves to show
that the choise of micro-lens configuration is important when designing an
integral-field spectrograph using an MLA.

3.5.3 Proposed design implementation and further considerations

Our proposal for the dual beam concept for LOUPE is shown in Fig. 3.8. The
system has a one-to-one re-imaging pair behind the MLA with focal lengths

1k by 1k detector
p=10um
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of f = 50 mm. The hexagonal MLA contains 44 x 35 lenslets with a focal
length of faprp A = 1.2 mm and a lens diameter of 290 um. To obtain a field
of view with of 20°, the field lens should have a focal length of f = 30 mm,
giving an f/4 system and a spatial resolution of 0.6° (3 x 3 samples over the
Earth’s disk). The image of the 0.5 mm entrance aperture will then have a
diameter of 20 um, corresponding to 2x2 pixels on a detector with 10 um
pixels. To achieve a lateral distance of 5 pixels between the spectra of the two
channels, the Savart plate needs to be made of 12 mm thick quartz. As follows
from Fig. 3.8, the dimensions of this design are approximately 26x2x2 cm3,
which can be further compressed by folding the optical path, possibly using
a Littrow configuration and if necessary, a three-mirror anastigmat.

In this design, micro-spectra have a length of 64 px and a PSF diameter
of 2 px, which can provide 32 independent spectral measurements between
500 — 800 nm, equivalent to a spectral resolution of 9 nm, enough to sample
a polarization modulation with a period of 20 nm, in line with the science
requirements stated in Section 3.2.1. We do stress that an increase of the
detector size beyond Tk x 1k as well as a reduction of the spot size would
directly result in better spectral and spatial performance of this design.

Further issues that need to be addressed are the shielding of the instru-
ment against extreme fluxes when the Sun is in view, the calibration of the
instrument (either before the start of the mission or by adding the capabil-
ity to calibrate the instrument after launch), the possibility of active-pointing
(which would radically relax the field-of-view requirements and improve per-
formance, but would involve moving parts which would increase the risk of
failure), the (thermo-)mechanical and electrical design, power (power usage
will be low owing to the solid-state design) and data handling (considering
the possibility of on-board processing).

3.6 CONCLUSION

This paper presents a proof-of-concept for the Lunar Observatory for Un-
resolved spectro-Polarimetry of Earth (LOUPE). From the Earth-facing side
of the Moon, LOUPE will measure the polarization spectrum of Earth over
all phase-angles and diurnal phases, to generate a benchmark for future po-
larization observations of exoplanets, as initially proposed by Karalidi et al.
(2012b). Such benchmarks are needed to verify the polarization models that
will be used to infer physical characteristics of the exoplanet environment
from their polarization spectra and phase-curves, and to optimize instrumen-
tation for direct observations. The design we propose is the first snapshot
spectro-polarimetric integral-field unit: A linear spectro-polarimeter with spa-
tial resolution. This is accomplished using a robust solid state design without
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moving parts and the polarization modulation principle in combination with
a micro-lens array.

We constructed a prototype using off-the-shelf components, and prove
that this design for LOUPE is able to retrieve spatially resolved spectro-
polarimetric observations of a mock planet target. These observations are
affected by systematics on the percent level, which we mainly attributed to
a combination of ghost images and instrumental polarization caused by the
optics and the light-source. The main shortcoming of our proof-of-concept is
that it relies on a rotating linear polarizer to obtain both polarization chan-
nels S; and S_ in sequence. However, we have discussed the most important
avenues for solving this shortcoming by incorporating dual-beam functional-
ity using a Savart plate and modelled how the micro-spectra can optimally
be stacked onto the detector using a hexagonal micro-lens array. Finally, we
have identified the challenges that remain to be addressed to reach a fully
capable flight-model.

Due to its low level of complexity and small size, this design is ideal for
application in space, and we are in the process of designing a flight-model
for LOUPE. In addition, we note that the flexibility in its optical and spectral
characteristics allow applying our design to a wide range of problems in
which spatially resolved spectro-polarimetry is required.
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SEARCHING FOR REFLECTED LIGHT FROM t BOOTIS B
WITH HIGH-RESOLUTION GROUND-BASED
SPECTROSCOPY: APPROACHING THE 107> CONTRAST
BARRIER

It is challenging to measure the starlight reflected from exoplanets because
of the extreme contrast with their host stars. For hot Jupiters, this contrast
is in the range of 107° to 10~4, depending on their albedo, radius and or-
bital distance. Searches for reflected light have been performed since the
first hot Jupiters were discovered, but with very limited success because hot
Jupiters tend to have low albedo values due to the general absence of reflec-
tive cloud decks. The aim of this study is to search for reflected light from
Boo b, a hot Jupiter with one of the brightest host stars. Since its discovery
in 1997, it has been the subject of several reflected-light searches using high-
dispersion spectroscopy. Here we aim to combine these data in to a single
meta-analysis. We analysed more than 2,000 archival high-dispersion spectra
obtained with the UVES, ESPaDOnS, NARVAL UES and HARPS-N spectro-
graphs during various epochs between 1998 and 2013. Each spectrum was
first cleaned of the stellar spectrum and subsequently cross-correlated with
a PHOENIX model spectrum. These were then Doppler shifted to the planet
rest-frame and co-added in time, weighted according to the expected signal-
to-noise of the planet signal. We reach a 30 upper limit of the planet to star
contrast of 1.5 x 107>. Assuming a planet radius of 1.15 R}, this corresponds
to an optical albedo of 0.12 between 400-700 nm. This low albedo is in line
with secondary eclipse and phase curve observations of other hot Jupiters
using space-based observatories, as well as theoretical predictions of their
reflective properties.

Hoeijmakers, Snellen and van Terwisga.
Accepted for publication in A&A.
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4.1 INTRODUCTION

Since the discovery of the first hot Jupiters, multiple attempts have been
made to detect starlight reflected off their atmospheres using ground-based
facilities (e.g. Charbonneau et al., 1999; Collier Cameron et al., 1999; Collier
Cameron et al., 2000; Leigh et al., 2003a; Rodler et al., 2010; Rodler et al.,
2013a). However these studies have all resulted in non-detections and upper
limits. To date, the only ground-based measurement of reflected light of an
exoplanet is claimed by Martins et al. (2015), who report a detection of 51
Pegasi b.

A detection of direct reflected light can be used to constrain the reflectivity
(albedo), as well as its spectral and directional dependence. This is an im-
portant observable because it is directly related to the global surface and/or
atmospheric properties of the planet. This is exemplified by bodies in the
solar system: lunar regolith appears dark at intermediate phase angles and
preferably scatters light into either the forward or backward direction. The
icy moons in the outer solar system have albedos close to 1.0, whereas rocky
cometary nuclei may reflect only a few percent of the incoming light. Jupiter
and Saturn have an orange hue due to organic hazes, while Uranus and Nep-
ture are blue due to deep Rayleigh scattering combined with absorption by
methane at red wavelengths (see e.g. Atreya et al., 1985; Wagener et al., 1986;
Moses et al., 1995; Irwin et al., 2017)

Because exoplanets are unresolved, the albedo spectrum as a function of
orbital phase is one of the few observables that can be used to constrain
its physical nature. The Bond albedo, the fraction of incoming stellar energy
that is reflected into space, is an important physical quantity because it is the
principal component of the radiative energy budget of the planet.

4.1.1  Albedo measurements of exoplanets

For the current generation of telescopes, the angular distances between ex-
trasolar planets and their host stars are generally too small to be spatially
resolved. Moreover, the host stars are many orders of magnitude brighter
than their planets, making these notoriously difficult to detect. Therefore in
most cases, the presence of an orbiting planet needs to be inferred by mea-
suring its indirect effect on the light of the host star. The transit and radial
velocity methods have been the most successful in terms of yield (Schneider,
2011). These methods were first successfully applied by (Charbonneau et al.,
1999) and (Mayor et al., 1995) respectively, and are mostly sensitive to gas
giants in close-in orbits. Such hot Jupiters are relatively rare, but are overrep-
resented in the known exoplanet population because of this detection bias
(see e.g. Howard et al., 2012; Fressin et al., 2013). In principle, hot Jupiters are
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also the most favourable targets to search for reflected light: they intercept a
relatively large fraction of the stellar flux due to their large radii and short
orbital distances, potentially optimising the contrast between the planet and
its star (Charbonneau et al., 1999). As follows below, this contrast is a direct
proxy for the albedo of the planet.

In relating the contrast to the underlying physical parameters (albedo,
planet radius and orbital distance), we adopt the notation and terminology
used by Charbonneau et al. (1999) and Haswell (2010). The contrast € is de-
fined as the ratio of the starlight reflected by the planet to the total flux of the
star as a function of wavelength and phase angle «,

Fp(A) = e(A)F.(A) O« (A) (4.1)

where F,(A) and Fp(A) are the observed spectra of the star and planet,
and ®4(A) is the phase function which describes what fraction of light is
scattered into any direction as determined by the global scattering properties
of the surface and the atmosphere. « is the phase angle at which the planet
is observed, and is defined as:

cos (&) = —sin(i) sin (Zmp - ;71) (4.2)

where ¢ is the orbital phase of the planet between o and 1 and i is the
orbital inclination. ® equals unity for a fully illuminated planet seen face-on
(o« = 0) and less than unity for larger phase angles.

€ depends on the geometric albedo p(A), the radius R, and the orbital
distance a of the planet and is typically on the order of 10~ for hot Jupiters:

Rp

2
. ) Do (AFL(A) (4-3)

Folh) = pi0)

The geometric albedo is defined as the fraction of incident light that is scat-
tered back into the direction of the star, compared to that of an isotropically
scattering (Lambertian) disk with the same cross-section as the planet’. The
geometric albedo is not the same as the Bond albedo - which is defined as the
fraction of the incident stellar energy that is scattered back into space, and
which is a crucial factor for determining the equilibrium temperature of the
planet. Although important, the Bond albedo is technically very challenging
to determine because it requires measurements of the reflective properties
of the planet at all phase angles and wavelengths. Instead, the geometric

Eq. 4.3 follows from the formal definition of the geometric albedo, which is counter-intuitive
considering the fact that p can be greater than 1.0. See Seager (2010) for a thorough explanation
of the geometric albedo.
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albedo and the phase function can be measured directly, and both can be
used to estimate the Bond albedo. Throughout this paper, albedo refers to the
wavelength-dependent geometric albedo unless explicitly stated otherwise.

The albedo of a transiting hot Jupiter can readily be inferred from the depth
of the secondary eclipse. Successful measurements are all attributed to space
telescopes, such as Kepler, MOST, CoRoT, EPOXI and the Hubble space tele-
scope (see e.g. Rowe et al., 2008; Christiansen et al., 2010; Alonso et al., 2009b;
Alonso et al., 2009a; Santerne et al., 2011; Désert et al., 2011; Kipping et al,,
2011; Coughlin et al., 2012; Esteves et al., 2013; Evans et al., 2013; Gandolfi
et al., 2013; Morris et al., 2013, Demory, 2014, Shporer et al., 2015; Anger-
hausen et al., 2015; Gandolfi et al., 2015, and others). These have shown that
hot Jupiters are generally dark, in line with theoretical models of the scatter-
ing properties of their atmospheres (e.g. Marley et al., 1999; Sudarsky et al.,
2000; Burrows et al., 2008; Heng et al., 2013). However, hot Jupiters with effec-
tive temperatures in the range of T~2000 - 3000 K can glow considerably at
optical wavelengths, contaminating reflected starlight with intrinsic thermal
emission. This has complicated the retrieval of the albedo from secondary
eclipse measurements for the hottest planets (Snellen et al., 2009; Snellen et
al., 2010a; Cowan et al., 2011; Kipping et al., 2011; Demory et al., 2011; Esteves
et al,, 2013; Hu et al., 2015).

High-resolution spectroscopy offers an alternative way to discern the re-
flected planet light from the much brighter host star. Upon reflection by the
planet, the starlight experiences a Doppler shift equal to the radial compo-
nent of the planet’s orbital velocity. As hot Jupiters generally have orbital
velocities in excess of ~ 100 km s~ ', these Doppler shifts are well resolved by
modern Echelle spectrographs with spectral resolutions of R = ﬁ > 50, 000.
Using the known orbital parameters, spectra taken at any orbital phase can
be shifted back to the rest frame of the planet and subsequently co-added
in time. Over the past 20 years there have been a number of attempts to de-
tect the reflected light of hot Jupiters in this way, but besides the detection
of 51 Peg b claimed by Martins et al. (2015), these have all resulted in upper
limits on the planet-to-star contrast (see e.g. Charbonneau et al., 1999; Collier
Cameron et al., 2000; Collier Cameron et al., 2002; Leigh et al., 2003a; Leigh
et al., 2003b; Rodler et al., 2008; Rodler et al., 2010). The main results of these
searches for reflected light using ground-based high-resolution spectroscopy
are summarized in Table 4.1.



Planet Reference € Confidence Phase-function 1 (K) Rp Ry) p

T Boo b Charbonneau et al. (1999) <5x107° 99% Lambertian ~ 45° 1.2 <0.3
Collier Cameron et al. (2000) < 3.5 x 107> 99.9% Lambertian ~ 40° 1.2 <0.22
Leigh et al. (2003a) <5.61x107° 99.9% Venus-like 36° 1.2 <0.39
Rodler et al. (2010) <51x107> 99.9% Venus-like 46° 1.2 <0.40

HD 75289 b Leigh et al. (2003b) <418 %107 99.9% Venus-like (127km/s) 1.6 <0.12
Rodler et al. (2008) <6.7x107° 99.9% Venus-like (129km/s) 1.2 <0.46

v And b Collier Cameron et al. (2002) < 5.85 x 107> 99.9% Venus-like (135km/s) - -

51 Peg b Martins et al. (2015) 60+04x107> 370 Lambertian (132km/s) 1.94+0.3 o5

Table 4.1: Results of previous high-resolution searches for reflected light of non-transiting hot Jupiters. The last four columns indicate the
assumed phase function, the best-fit orbital inclination i (or equivalent: the best-fit semi-amplitude K, of the radially projected
orbital velocity) and the inferred limiting combination of planet radius and grey albedo. The works that use Venus-like phase
functions use an empirical model formulated by Hilton (1992). The only work in this list that claims an actual measurement
of e is the work by Martins et al. (2015). All other studies report upper limits. The upper limit by Collier Cameron et al. (2000)
was adjusted by Leigh et al. (2003a) and is therefore superseded by it. The limit quoted from Charbonneau et al. (1999) is
inferred from the inclination-dependent contrast curve presented in their work.
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4.1.2  The T Boo system

T Bootis b was discovered in 1997 along with two other hot Jupiters (Butler
et al., 1997). It orbits a bright (Vimag = 4.5) F8 main-sequence star located 15.6
pc from Earth, but was found not to transit (Baliunas et al., 1997). This star
is one of the most metal-rich exoplanet hosts, and is orbited by a resolved M-
dwarf companion at a distance of 240 AU (Hale, 1994; Patience et al., 2002).
The properties of the system are listed in Table 4.2.

T Boo was observed by the MOST spacecraft for 37.5 days in 2004 and 2005
to monitor its variability. Searching this data for evidence of planet-to-star
interaction, Walker et al. (2008) found a variable region on the stellar surface
that is synchronized with the orbital period of the planet, and is likely mag-
netically induced. From spectro-polarimetric observations, Donati et al. (2008)
were able to map the magnetic field of the star and found evidence for dif-
ferential rotation, with the rotation period varying from 3.0 to 3.9 days from
equator to pole, consistent with the orbital period of the planet. This synchro-
nization of star and planet has important consequences for the reflection spec-
trum. As seen from Earth, the stellar spectrum is rotationally broadened with
vsin(i) = 15 km s~ '. However, since the planet co-rotates with the stellar sur-
face, the star does not rotate from the perspective of the planet. Therefore, the
reflected light spectrum is not expected to be strongly rotationally broadened,
resulting in the absorption lines being significantly more narrow than those
in the stellar spectrum as observed from Earth. The reflected stellar absorp-
tion lines are only broadened by the axial rotation (vsin(i) = 1.24 km s~ of
the planet itself (Rodler et al., 2010; Brogi et al., 2013). Techniques that aim
to detect the absorption lines of the planet are therefore particularly sensi-
tive for this system, owing to the fact that the planet and the star are tidally
locked.

4.1.3 Searches for reflected light of T Boo b

As T Boo is such a bright star, efforts to detect the reflection spectrum of the
planetary companion quickly commenced after its discovery in 1997. The first
search for reflected light was performed by Charbonneau et al. (1999), who
observed the system for three consecutive nights with the HIRES spectro-
graph at the 10-m Keck Observatory, between 465.8 nm and 498.7 nm. By fit-
ting a scaled, Doppler-shifted version of a stellar template to each individual
spectrum, they constrained e to be less than 5 x 107> to 8 x 107, depending
on the orbital inclination which was unknown at the time. Assuming a radius
of 1.2Ry, the albedo was constrained to p < 0.3. Collier Cameron et al. (1999)
analysed 48 hours of high-resolution spectra obtained by the now decom-
missioned Utrecht Echelle Spectrograph (UES) at the 4.2-m William Herschel
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Table 4.2:

Parameter Sym. Value
Visible magnitude® \% 4.50
Distance (pc)® d 15.60 £0.17
Effective temperature (K)¢ Togt 6399 £45
Luminosity (L)€ L. 3.06+0.16
Mass (Mg )€ M. 1.38 £ 0.05
Radius (Rp)€ R 1.4240.08
Surface gravity (cgs)? logg  4.277593
Systemic velocity (km s~1)¢ v —16.544+0.34
Metallicity (dex)® [F/H  0.264+0.03
Age (Gyr)© 0.94+0.5
Rotation velocity (km s~')¢  vsin(i) 14.27 +£0.06
Orbital period (days)© P 3.3124568
+0.0000069
Semi-major axis (AU)® a 0.049 £ 0.003
Orbital inclination (deg)f i 445415
Eccentricity® e 0.011 £0.006
Mass (M;)€ M, 6.13+0.17
Phase zero-point (H]D)f To 2,455,652.108 + 0.004

Properties of the star T Boo (upper part) and T Boo b (lower part).

a : Adopted from Valenti et al. (2005).

b : Adopted from van Belle et al. (2009).
¢ : Adopted from Borsa et al. (2015).

d : Adopted from Takeda et al. (2007).

e : Adopted from Nidever et al. (2002).
f : Adopted from Brogi et al. (2012).
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Telescope on La Palma, Spain. Following a similar procedure as Charbonneau
et al. (1999), they detected a signal equivalent to e = 1.9 4+ 0.4 x 10~ between
456 nm and 524 nm. These authors explained the discrepancy between their
results and those of Charbonneau et al. (1999) by the assumption of a dif-
ferent phase-function, differences in their template fitting procedure and a
different way of treating systematics. However, after obtaining more data
with the same instrument in early 2000, they were unable to reproduce this
signal, this time constraining € to 3.5 x 10~ (Collier Cameron et al., 2000).
Again assuming a planetary radius of R, = 1.2Rj, this resulted in an albedo
of p < 0.22. In 2003, the same group combined and re-analysed all data they
obtained from 1998 to 2000 with the UES, and adjusted their 3o upper limit
to € < 5.61 x 1072, assuming an orbital inclination of i = 39° (Leigh et al,,
2003a).

In 2007, Rodler et al. (2010) obtained two nights of high-resolution spec-
tra with the UVES spectrograph at the UT2 of the VLT. Following the fitting
method of Charbonneau et al. (1999), their analysis constrained the planet-to-
star contrast ratio to 5.1 x 107> to 5.7 x 10~ between 425 to 632 nm, depend-
ing on the assumed wavelength dependence of the albedo, and assuming an
orbital inclination of i = 60° and a planet radius of R, = 1.2R;.

In 2011, Brogi et al. (2012) and Rodler et al. (2012) independently ob-
served T Boo with the CRyogenic InfraRed Echelle Spectrograph (CRIRES)
mounted on UT1 at the VLI, both targeting the CO absorption band at
2.3 um in the planet’s intrinsic thermal spectrum. By cross-correlating their
spectra with a CO model template, both groups were able to significantly re-
trieve the planet’s CO absorption at 60 and 3.4c confidence respectively. The
Doppler shift of this CO spectrum revealed the radially projected velocity
semi-amplitude K, of the planet. Together with the known orbital velocity
Vorb and under the assumption of a circular orbit, this directly yields the
orbital inclination i:

. 2ma
Kp = Vorp sin(i) = - sin(1i). (4-4)

These observations thus constrained the orbital inclination of T Boo b to
i=445+15°and i = 47"7*67 respectively. For the first time, a non-transiting
hot Jupiter was detected directly, and the degeneracy between M, and i that
is inherent to the radial velocity method could be broken. In the case of a
small spin-orbit misalignment angle, the stellar rotation velocity of vsin(i) =
15 km s~ is consistent with an orbital period of 3.3 days, providing an in-
dependent confirmation of synchronization of the stellar rotation with the or-
bital period of the planet (Brogi et al., 2012). Rodler et al. (2013b) proceeded
to re-analyse their UVES data with the known orbital inclination and an up-
dated set of orbital parameters. Using the same fitting procedure as used in
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Rodler et al. (2012), they were not able to significantly detect the reflection
spectrum of the planet.

In this work, we perform a meta search for reflected light from T Boo b
by combining data from the UVES, ESPaDOnS, NARVAL UES and HARPS-
N spectrographs during various epochs between 1998 and 2013. Section 4.2
describes the observations and data analysis. In Section 4.3 we present our re-
sults and possible caveats, the implications of which are discussed in Section

4.4.
4.2 OBSERVATIONS

T Boo has been observed as part of several observing campaigns, and previ-
ous studies have shown that reflected light from the planet is too faint to be
detected in a single night of data. In this analysis we therefore combine the
archival high-resolution, high-signal-to-noise optical spectra obtained with
the UVES spectrograph at the 8-m VLT/UT2 (Dekker et al., 2000), the ES-
PaDOnS spectropolarimeter at the 3.6-m CFHT (Donati, 2003), the NARVAL
spectropolarimeter at the 2-m TBL (Auriére, 2003), the UES spectrograph at
the 4-m WHT (Walker et al.,, 1986) and the HARPS-N spectrograph at the
3.6-m TNG (Cosentino et al., 2012). These contain the vast majority of all
high-resolution observations of this system, except those that form the basis
of Charbonneau et al. (1999) because these HIRES data were not preserved
digitally and are likely lost (David Charbonneau, private communication). Ta-
ble 4.3 presents an overview of all 25 datasets that are analysed in this work,
with Fig. 4.2 showing the orbital phase coverage of all of the data.

4.2.1  UES data of T Boo

Soon after the discovery of T Boo b, Collier Cameron et al. (2000) initiated
an observing campaign to search for the reflected light of T Boo b using the
Utrecht Echelle Spectrograph mounted on the William Herschel Telescope
at the Roche de Los Muchachos observatory on La Palma. They observed
the T Boo system for 17 complete and partial nights during three observing
seasons in the years 1998, 1999 and 2000, obtaining 893 spectra in total®>. The
raw data are available in the online data archive of the Isaac Netwon Group
of telescopes 3 and were reduced in a standard way using IRAF version 2.16.1.
In the analysis we treat each night of observations as an independent dataset,
and use 63 to 67 spectral orders* ranging from 407 nm to 649 nm at a spectral
resolution of R = 53,000. During the data reduction, we discarded 60 of the

2 These observations are described in detail by Leigh et al. (2003a).
3 http://casu.ast.cam.ac.uk/casuadc/ingarch/query
4 Depending on the signal-to-noise of the bluest and reddest orders.
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893 spectra that were visibly affected by poor observing conditions, including
the entire nights of April 13, 1998 and June 4, 1999. In total, the remaining
data consist of 68.54 hours of observations.

4.2.2 ESPaDOnS & NARVAL data of T Boo

The NARVAL and ESPaDOnS spectro-polarimeters are nearly identical fiber-
fed bench-mounted echelle spectrographs, located at the 3.6-m Canadian
French Hawaiian Telescope and the 2-m Telescope Bernard Lyot on Pic du
Midi in the French Pyrenees respectively. Reduced observations of T Boo ob-
tained by the ESPaDOnS and NARVAL instruments are publicly available
via the Polar Base online database (Petit et al., 2014)>. The data were origi-
nally taken to study time variations in the magnetic field of the star (Donati
et al., 2008; Fares et al., 2009). We downloaded all 751 polarization spectra
that were taken during multiple programmes between March 2005 and Jan-
uary 2011. Querying the Polar Base database for T Boo returns a total of 971
spectra. 751 of these are individual polarization channels, while 220 are inten-
sity channels that are obtained by combining multiple polarization channels
and thus contain no independent information. All spectra have a wavelength
coverage from 369.45 nm to 1048.5 nm at a spectral resolution of R = 65, 000,
with exposure times between 150 and 600 seconds, resulting in a continuum
signal-to-noise between 100 and 1000 per pixel. Although each exposure is
formatted as a single 1D spectrum, the 40 individual echelle orders are not
stitched together and were retrieved from the downloaded reduced data files.
The wavelength coverage of the data is shown in Figure 4.1.

Of the 751 spectra in total, 229 were taken on three consecutive nights
in March 2005, while the other 522 spectra were obtained at various time
intervals between June 2006 and January 2011, containing between 1 and 25
exposures at a given night. The three consecutive nights obtained in 2005
were treated as three individual datasets. The automatic pipelines used to
reduce the data has caused the presence of negative values in some orders
at the edges of the waveband (orders 1-3 and 37-39). Any spectral orders
with such artefacts were discarded from the analysis. We chose to split the
groups of ESPaDOnS + NARVAL spectra into four separate sets which were
analysed independently of each other (each containing observations taken
within a period of approximately one month), because our analysis relies on
the time-stability of the stellar spectra (see Section 4.3). We chose to disregard
131 exposures that were obtained sparsely over longer periods of time. In
total, the data used in our analysis consist of 49.85 hours of observations.

5 http://polarbase.irap.omp.eu/
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Figure 4.1: Wavelength coverage of the data. The top panel indicates the transmission
function of the Earth’s atmosphere, and the bottom panel shows the wave-
length coverage of the data from the four instruments used in this work.
Telluric contamination adversely affects our analysis, but regions that con-
tain telluric lines are down-weighted by our analysis procedure according
to the effect of the telluric lines on the cross-correlation function (see Sec-

tion 4.3).

4.2.3 UVES data of T Boo

T Boo was observed with UVES (Dekker et al., 2000) on June 16 and 17, 2007
by Rodler et al. (2010)°. These consist of 422 1D spectra covering a wavelength
range between 427.88 nm and 630.72 nm at a resolution of R = 110,000.
The individual echelle orders were stitched together by the data reduction
pipeline, hence each downloaded spectrum covers the full bandwidth of the
instrument set-up. We chose to slice the spectra into 21 band-passes (here-
after referred to as ‘Orders’, even though these slices technically do not ex-
actly match the echelle orders of the UVES spectrograph) that we analyse
independently from each other.

The two nights cover orbital phases between 0.29 < ¢ < 0.35 and 0.59 <
@ < 0.66 respectively (by convention ¢ varies between o and 1, with inferior
conjunction as zero point). This timing was chosen by the observers to maxi-
mize the fraction of the day-side of the planet in view, while ensuring that the
planet has an appreciable radial velocity, allowing the reflected spectrum to
be discerned from the spectrum of the star through its relative Doppler-shift.

6 ESO programme 079.C-0413(A). Data obtained from the ESO Science Archive Facility.
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4.2.4 HARPS-N data of T Boo

The T Boo system is being monitored using the HARPS-N spectrograph at the
3.6-m Telescopio Nationale Galileo at Roche de los Muchachos Observatory
on La Palma as part of the GAPS programme to characterize known exo-
planet host stars and search for additional planetary companions using the
standard radial velocity technique, astroseismology and the Rossiter-McLaugh-
lin effect (see e.g. Covino et al., 2013; Desidera et al., 2013; Sozzetti et al., 2013).
To date, the TNG data archive includes 531 exposures of the T Boo system.
The first 285 of these were publicly available and were obtained in the second
half of April and the first half of May of 2013. These were initially analysed
by Borsa et al. (2015) to investigate the host star, the orbit of the outer stellar
companion T Boo B, and to update the orbital ephemeris of the planet.

The reduced 1D spectra were downloaded from the TNG public data archive”
and cover wavelengths from 387 nm to 691 nm at a spectral resolution of
R ~110,000. As with the UVES data, we sliced the spectra into 21 bands that
were analysed separately. Because of the highly stable nature of the HARPS-
N spectrograph, we chose to group the entire time-series together and treat
it as a single set. In total, these data consist of 5.14 hours of observations.

4.3 DATA ANALYSIS

The reflected planet spectrum is expected to be present in the data at a level
of € ~ 1075 times the stellar spectrum, assuming a planet radius and albedo
in the order of TR; and 10% respectively (see Eq. 4.3). The high-resolution
spectra typically have a peak signal-to-noise of ~ 500 — 1000 per pixel. The
sensitivity of the observations is subsequently enhanced by three orders of
magnitude by combining the signal from ~10° individual absorption lines
and the ~2100 spectra. This procedure is similar to that used in previous
works that use cross-correlation at high spectral resolution (e.g. Charbonneau
et al., 1999; Collier Cameron et al., 2000; Leigh et al., 2003a; Snellen et al.,
2010b; Brogi et al., 2012; Rodler et al., 2012; Hoeijmakers et al., 2015). First,
the stellar absorption lines need to be removed from the spectra to reveal the
faint Doppler shifted copy originating from reflection by the planet. For each
data set, we obtain the stellar spectrum by time-averaging the spectra, which
is subsequently subtracted from the data. This procedure removes all time-
constant spectral features, but not the planet’s reflected spectrum because its
radial velocity changes with up to 8.4 km s~ per hour (~3x the full width at
half maximum (FWHM) of the line-spread function at R = 100, 000). Residual
time-dependent features arise from changes in the stellar line-shapes caused
by variations in spectral resolution due to weather and seeing, telluric ab-

7 http:/ /ia2.0ats.inaf it/archives/tng
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Set Instrument Nexp texp (hr) Epoch ¢ range

1 UES 99 3.86 09-04-1998  0.42-0.53
2 UES 113 3.76 10-04-1998 0.72-0.83
3 UES 81 4.20 11-04-1998  0.03-0.13
4 UES 45 4.22 02-04-1999  0.50-0.60
5 UES 39 3.96 25-04-1999  0.44-0.54
6 UES 61 4.20 05-05-1999  0.46-0.55
7 UES 48 5.24 25-05-1999  0.48-0.58
8 UES 44 3.56 28-05-1999  0.39-0.47
9 UES 47 5.44 14-03-2000  0.27-0.37
10 UES 44 6.10 15-03-2000  0.57-0.67
11 UES 29 3.22 24-03-2000 0.29-0.39
12 UES 44 5.35 23-04-2000  0.32-0.42
13 UES 56 5.19 24-04-2000 0.62-0.73
14 UES 41 4.83 13-05-2000  0.36-0.44
15 UES 42 5.39 17-05-2000  0.56-0.65
16  ESPaDOnS 76 6.11 23-03-2005 0.07-0.16
17 ESPaDOnS 76 6.33 24-03-2005  0.37-0.46
18 ESPaDOnS 77 6.22 25-03-2005 0.67-0.76
19  ESPaDOnS 75 3.01 06-2006 Variable

20 UVES 105 3.88 16-06-2007  0.29-0.35
21 UVES 317 3.77 17-06-2007  0.59-0.66
22 ESPaDOnS 103 7.02 07-2007 Variable

23 ESPaDOnS 142  9.33 01-2008 Variable

24 NARVAL 71 11.83 01-2011 Variable

25  HARPS-N 285 5.14 05-2013 Variable

Table 4.3: The 25 datasets analysed in this work in chronological order, showing the
instrument used, the number of exposures, amount of time spent on target,

the observing epoch, and the range in orbital phase covered.
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0=05 m UES spring 1998: 293 exp
a UES spring 1999: 238 exp
UES spring 2000: 94 exp
N A m ESPaDONS spring 2005: 232 exp
\ ® ESPaDONS spring 2006: 79 exp
% \' ESPaDONS spring 2007: 103 exp
—_— ° UVES spring 2007: 427 exp

ESPaDONS winter 2008: 148 exp
NARVAL winter 2011: 78 exp
- 1 = HARPS-N spring 2013: 293 exp
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Figure 4.2: Diagram of the distribution of orbital phases covered by the observa-
tions used in this work. The data are grouped into rings, with the earli-
est data in the inner ring, moving outward chronologically. This diagram
shows the varying nature of the observing strategies used for the differ-
ent programmes. The UES obervations of 1998-2000, the ESPaDOnS obser-
vations of 2005 and the UVES observations of 2007 targeted the system
consecutively for multiple hours, while the other ESPaDOnS, NARVAL
and HARPS-N spectra were used to monitor the system periodically over
longer periods of time. The UES and UVES observations were mostly ob-
tained at large phase angles because these observations specifically tar-
geted the planet’s day side.
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sorption, and stellar chromospheric activity. Therefore a significant part of
our analysis focuses on their removal. The residual spectra are subsequently
cross-correlated with a model template spectrum of the host star Doppler-
shifted to the rest frame of the planet, which are then co-added in time.

Below is a description of the sequence of processing steps in detail, which
are executed for each order of each dataset independently. An example of the
step-wise analysis of a single spectral order is shown in Figure 4.3.

1 Alignment of spectra: Instabilities in tracking, weather and a changing
radial velocity of the observatory with respect to T Boo cause the spec-
tra to drift in wavelength over the course of an observing run®. Such
velocity variations must be removed before the time-averaged stellar
spectrum can be obtained. For this purpose, we identify all stellar ab-
sorption lines stronger than 6.0% in the individual spectra, and locate
their centroids by fitting a Gaussian line profile to the core of each line.
Telluric lines are identified and rejected using a model telluric absorp-
tion spectrum obtained from ESO’s SkyCalc Sky model calculator (Noll,
S. et al.,, 2012; Jones, A. et al., 2013). We used these fitted line positions
to align all spectra to a common reference frame. Fig. 4.4 shows the av-
erage shift needed to align each exposure of one UVES, ESPaDOnS and
UES night.

2 Wavelength solution: We adopted the pipeline wavelength-solutions
that are provided with the UVES, ESPaDOnS and HARPS-N data and
shift these to the rest-frame of the star. In previous work we matched
a model stellar template to the lines that we identified in step 1 (Hoeij-
makers et al., 2015). However because T Boo is a fast-rotating F-star, this
matching does not result in a more accurate solution than the pipeline
solutions for these datasets. To determine the rest-frame velocity of the
star, we first obtained the time-averaged spectrum from the mean flux
of each spectral pixel (this is also used in steps 6 and 7). This yields
the highest S/N measurement of the stellar spectrum, which is subse-
quently cross-correlated with a model stellar template that was broad-
ened to the rotation velocity of the star (Section 4.3.1). The resulting
cross-correlation strengths are close to 1.0, confirming the quality of the
pipeline wavelength solutions (see Fig. 4.8).

3 Model injection: We duplicate each spectral order and inject a model
of the planet reflection spectrum (see Section 4.3.1) into the duplicate
after appropriate broadening, Doppler-shifting and scaling;:

8 For UVES in particular, instrumental instability may cause velocity shifts in the order of
1 kms~'. See Czesla et al. (2015) for an extreme example in the case of transit observations
of HD 189733 b.
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Figure 4.3: Step-wise analysis of order eight of the UVES observations obtained dur-

ing the night of June 17, 2007. First panel: The aligned spectra (after step 1).
Second panel: The residuals after subtracting the mean value from each
column. Third panel: The residuals after applying a high-pass box-filter
with a width of 40 pixels (roughly 40 km s~'). Fourth panel: After sub-
sequent removal of four principal components (step 5). Fifth panel: After
dividing each column from the fourth panel by the standard deviation in
each column (step 6). This weighs down columns that intrinsically have a
lower signal-to-noise. The strong vertical structures in the third panel are
telluric water lines. These are effectively removed by the principal compo-

nent analysis.
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Figure 4.4: Alignment of the wavelength solution for a single UVES, ESPaDOnS and
UES dataset. The top panels indicate the mean shift required to align
the absorption lines to their average position. The bottom panels show
the residual scatter in the line positions. On average, absorption lines are
aligned to within 0.1 km s~ accuracy. The wavelength solution of the UES
data is less stable compared to those of UVES and ESPaDOnS, however our
procedure is able to align the UES spectra to the same level of accuracy as
the other instruments.
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a) Broadening: The model spectrum is convolved with a Gaussian
kernel with a FWHM of 2.61 km s~ ! to 5.66 km s~ to match the
spectral resolution of the respective instrument. It is then blurred
with a box-kernel with a width equal to the velocity shift of the
planet during the exposure. This is calculated by multiplying the
first derivative of the radial velocity at time t with the exposure
time of the spectrum. The spectrum is also convolved with a ro-

tation profile® with zero limb-darkening applied, with a rotation

velocity of vsin(i) = ZT;,RV sin(i) =1.24 km s~ ', assuming a tidally

locked planet with a radius of R, = 1.15R; (also see Sec. 4.4.1).

b) Doppler-shifting: From the known ephemeris and orbital param-
eters (Table 4.2) we calculate the orbital phase ¢ and the radial
velocity of the planet at the time of each observation. The model is
then interpolated to the wavelength grid of the data.

c) Scaling: The template is subsequently multiplied by e(A)®(A). We

assume that € and @ are independent of wavelength (grey) and we
follow previous authors in adopting a Lambertian phase-function,

_ sino+ (71— o) cos &
T

® (4-5)

where ¢ is set to 2.0 x 107> (see Figures 4.5 and 4.6). The injected
and non-injected data sets are treated identically from this step
onward. This simultaneous treatment of the model-injected data
allows us to quantify the extent to which the data analysis proce-
dure may influence the planet reflection spectrum, and to optimize
the parameters of the procedure to maximize the strength at which
the injected planet spectrum is retrieved.

4 Removal of the stellar spectrum: We remove the stellar spectrum by
subtracting the time-averaged spectrum from each exposure, as was
done in previous work (e.g. Charbonneau et al., 1999; Collier Cameron
et al., 2000; Rodler et al., 2010), by subtracting the mean from each col-
umn in Fig. 4.3. This removes the time-constant components of the stel-
lar spectrum, but leaves residual variations - for example those caused
by changes in the observing conditions and/or intrinsic stellar varia-
tions (panel 2 of Fig. 4.3).

5 Removal of time-dependent residuals: For each spectrum we remove
broad-band variations by applying a high-pass box-filter. Subsequently,
we remove up to 12 principal components to eliminate variations in

9 The rotation kernel is calculated using the IDL routing LSF_ROTATE
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Figure 4.5: The phase-angle x(¢) as function of orbital phase ¢ for an orbital incli-
nation of 44.5°(dashed line), and the resulting contrast curve assuming a
Lambertian phase function ®(«) (solid line). The orbital phase is 0 when
the planet is located closest to the observer (i.e. during transit for a planet
with an orbital inclination of ~ 90°). At this moment, the phase angle is
maximal and the contrast is minimal because a small part of the day-side
of the planet is in view.
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Figure 4.6: Example of the injected planet model spectra over a complete orbit, broad-
ened to the resolution of UVES and shifted to the instantaneous radial ve-
locity of the planet. The model spectrum is scaled to a level of € = 2 x 107>,
but the maximum contrast is less than that because the peak of the phase
function ®(«) is less than 1.0.
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telluric lines and stellar spectral line shapes. This procedure partly sup-
presses the planet’s spectrum as well. This blind approach of cleaning
the data is therefore a trade-off between effective removal of systematics
and preserving the planet’s reflection spectrum. To optimize the anal-
ysis, we perform a grid-search by varying the width of the box-filter
and the number of principal components to remove, and choose the
combination for which the signal-to-noise of the injected planet signal
is maximized after cross-correlation (step 7). Finally, pixel values that
are deviant by more than 50 from the mean of their column and the
two adjacent columns, are set to the mean.

6 Normalization by signal to noise: Stellar absorption lines and low
flux levels at the edges of the blaze orders of the spectrograph cause
the signal-to-noise to vary within orders. We weigh down noisy wave-
lengths by dividing each column to its standard deviation, as was also
done in for example Snellen et al. (2010b).

7 Cross correlation: We cross-correlate the residuals with a template spec-
trum that was also used to inject the planet signal in the data in step
3 (see Section 4.3.1). The cross-correlation function (CCF) computed
over a range of radial-velocities from —1600 to +1600 km s~ in steps
of 1km s~'. For each spectrum this yields 3201 cross-correlation co-
efficients, which are expected to peak where the template is shifted
to the correct radial velocity of the planet at the time on which the
spectrum was obtained. At this velocity, all absorption lines in the
planet’s spectrum are effectively co-added, causing an enhancement in
the cross-correlation-function. The cross-correlation is performed over
+1600 steps in radial velocity to obtain a statistical sample of cross-
correlation coefficients over which the random noise level can be mea-
sured reliably.

8 Masking stellar residuals: At the rest-frame velocity of the star, the
CCFs show residuals that arise from time variability in the stellar spec-
trum due to for example activity, star-spots and instabilities in the ob-
serving conditions and the instruments. These residuals take the form
of a vertical structure at the rest-frame velocity of the star in the two-
dimensional CCF (see Fig. 4.7). We mask out all cross-correlation coef-
ficients within +35 km s~ of the rest-frame velocity. This removes the
planet during parts of the orbit where it has a low radial velocity (i.e.
when it is in full view at ¢ ~ 0.5), but ensures that only exposures in
which the planet’s spectrum is Doppler-shifted away from the stellar
line-wings are considered in the co-addition of the data.

At this stage, a CCF is associated with each spectrum, both with and with-
out injected planet signals. For each dataset we therefore have 2 x Ny ders X
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Nexposures CCFs. For each spectrum, we measure the strength at which the
injected template is retrieved by taking the difference between the injected
and non-injected CCFs, and dividing with the standard deviation of the non-
injected CCE. We call this quantity the 'retrievability’. To combine all of the
data, the CCFs are shifted to the rest-frame velocity of the planet, weighed
by their respective retrievability and summed.

This weighing scheme ensures that spectra are weighed to account for the
phase function @ («) (spectra taken near inferior conjunction will have a lower
retrievability because the template spectra was injected at a lower level com-
pared to spectra near superior conjunction), by the number of stellar spec-
tral lines in each order (the cross-correlation is more effective at wavelengths
where there are many narrow spectral lines), by all noise sources that de-
grade the efficiency by which the planet’s spectrum can be retrieved and
by differences between datasets in terms of observing conditions and data
quality. Approximately 5% of all spectral orders are found not to contribute
positively to the retrieved signal-to-noise of the injected signal, mostly due
to the presence of strong tellurics and CCD artifacts in these spectra. These
orders are discarded when co-adding the CCFs.

4.3.1 Template spectra

Although the stellar spectrum is present in the data at high signal-to-noise,
it is strongly rotationally broadened due to the short rotation period of the
star that is locked to the orbital period of the planet. Therefore, the reflected
planet spectrum is expected to exhibit significantly more narrow spectral fea-
tures making the broadened stellar spectrum a poor model, as already noted
by previous authors (Charbonneau et al., 1999; Collier Cameron et al., 2000;
Leigh et al., 2003a; Rodler et al., 2010; Rodler et al., 2013b). Therefore, we use a
high spectral-resolution stellar photosphere model from the Gottingen Spec-
tral Library generated with the PHOENIX radiative transfer code (Husser
et al., 2013). The library' was queried with Ty = 6300 K, logg = +4.50,
[Fe/H] = +0.5 and [0t/M] = 0.0, to match the literature values for these pa-
rameters (Table 4.2).

We tested the quality of this model by broadening it to the instrumental
resolution and to the rotational velocity of the star, and subsequently cross-
correlated it with the time-average spectrum of each spectral order. Examples
are shown in Fig. 4.8, demonstrating that mismatches between the template
and the observed stellar spectrum on average degrade the cross-correlation
by only 13%. The model template we use is therefore expected to retrieve
the planet’s reflection spectrum with 87% efficiency, and we apply this as a
correction factor on the end result (Section 4.4).

10 http://phoenix.astro.physik.uni-goettingen.de/?page_id=15
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Figure 4.7: Upper Panel: The combined cross-correlation function of a spectral order
of the second UVES night. For illustrative purposes, the planet’s spectrum
was injected into these data at € = 1 x 1073 to show the slanted cross-
correlation peak around —80 km s~! due to the changing radial velocity
of the planet during the observations. The vertical structure at o km/s
is caused by residual correlation with remnants of the stellar spectrum.
Lower Panel: The same data but with the residual stellar structure at
0 km s~ ! masked out. This will prevent it from contaminating non-zero
radial-velocities when co-adding the individual cross-correlations at the
rest-frame of the planet.
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We measured the gain of using an unbroadened template to be a factor
~ 2.0 in cross-correlation signal-to-noise at spectral resolutions of 55,000 —
100,000, compared to a template broadened to vsin(i) = 15 km s~ .

4.4 RESULTS AND DISCUSSION

The final one-dimensional cross-correlation function obtained by combining
all the analysed data is shown in Fig. 4.9. We do not detect a significant signal
at the rest-frame velocity of the planet. However, the model spectrum injected
at a strength of € = 2.0 x 107> is retrieved at 4.60 significance. The noise
level was measured from the one-dimensional CCF, which was evaluated over
+1600 steps in radial velocity in order to confirm that the noise distribution
is Gaussian and that the usage of a 30 confidence threshold is prudent (see
Fig. 4.10). As discussed in Section 4.3.1, the PHOENIX template retrieves the
rotation-broadened stellar spectrum with an efficiency of 87%. Therefore, we
establish an upper limit on € of 1.5 x 10~>at 30 confidence.

This result depends on the assumed values of the orbital period P and
phase zero-point Tp which have associated uncertainties. We simulated the
influence of uncertainties on the ephemeris by stacking the data at small de-
viations dP and dTy from the period and phase at with which it was injected,
while treating Kp as a fixed constant. Fig. 4.11 shows the signal-to-noise of
the retrieved signal as a function of dP and dT,, normalized to the maximum
signal-to-noise at which the signal is retrieved when dP = dTy = 0. The anal-
ysis is only mildly sensitive to errors in Ty, but could be strongly affected by
an error in P because the data was taken over a 15 year timespan, spanning
~ 1500 orbital periods. We therefore repeated the complete analysis while
varying the planet orbital period P within +15 times the standard error re-
ported by Borsa et al. (2015), to take into account the possibility of a large
unknown systematic error on the orbital period. However, the resulting up-
per limits are the same for all trials of dP and no planet signal is retrieved in
any of these cases.

To search for a cross-correlation signal at values of K}, other than 110.2 km s~
as determined by Brogi et al. (2012), we co-added all CCFs for a range of val-
ues of Ky, (Fig. 4.12). No enhancement in cross-correlation is observed near
the expected vsys and K, of the planet.

4.4.1  The albedo of T Boo b

As follows from Eq. 4.3, the upper limit on the planet-to-star contrast ratio
e directly constrains the ratio of the projected area of the planet disk (~ R%)
and the geometric albedo. Our 30 upper limit of e <1.5 x 107> is plotted in
Fig. 4.13 as a function of both parameters and compared to the upper limits

1
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Figure 4.8: Peak cross-correlation of the time-averaged spectrum of each order with
the PHOENIX template spectrum broadened to the rotation velocity of
the star. In the four datasets shown, the peak cross-correlation strength
averages between 0.85 and 0.90, indicating that the template retrieves the
stellar spectrum at high efficiency, and therefore is an accurate model of
the planet’s reflection spectrum. The cross-correlation is only performed at
wavelengths between 450 nm to 650 nm, because the disappearance of the
continuum at short wavelengths (hence a break-down of the continuum-
normalization needed to perform this cross-correlation) and the presence
of tellurics at longer wavelengths cause the correlation of the template with
the stellar spectrum to be degraded.
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Figure 4.9:

Systemic radial velocity (km/s)

The 1D cross-correlation function after stacking all exposures in all or-
ders of all datasets. The top panel shows the entire cross-correlation func-
tion between +1600 km s~ !, while the bottom panel is a zoom-in around
+100 km s~ ! for clarity. The red and black lines represent the injected and
non-injected data respectively. The gold line is the difference between the
two, and the dashed horizontal line is 30 away from the mean of cross-
correlation (which is around zero). The model was injected at a strength of
2x 107°®(w), and is retrieved at a level of 4.60. The corresponding 3¢ up-
per limit of e is 1.5 x 107>, taking into account a factor 0.8 to correct for
the efficiency at which the PHOENIX template correlates with the stellar
spectrum (see Section 4.3.1).
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Figure 4.10: Distribution of the 1D cross-correlation function after stacking all expo-
sures in all orders of all datasets. The blue line is a Gaussian fit to the
distribution, of which the standard deviation is used to compute the con-
fidence interval of the injected signal.

from Collier Cameron et al. (2000), Rodler et al. (2010) and Charbonneau et al.
(1999), converted to 30 confidence.

Because T Boo b is a non-transiting planet, the radius of the planet is un-
known and must be estimated from the known population of similar hot
Jupiters. We select all transiting planets with masses between 3M; and 9M;
and orbital periods less than ten days (Schneider, 2011) and find a mean ra-
dius of 1.15R;j for this sample of planets, the same radius as assumed by Brogi
et al. (2012). Combined with the upper limit on ¢, this places a 30 upper limit
on the geometric albedo of 0.12.

To date, optical secondary-eclipse observations have been performed of a
few dozen transiting hot Jupiters, mostly with the Kepler space observatory
(see e.g. Coughlin et al., 2012; Esteves et al., 2013; Angerhausen et al., 2015).
These have shown that hot Jupiters tend to be dark, with typical visible-light
albedo’s between 0.06 and o.11 (Demory, 2014), and even cases where the
albedo has been shown to be lower than 0.04 (Kipping et al., 2011; Gandolfi
et al., 2015). Our limit of € <1.5 x 10> shows that the albedo of T Boo b
likely lies in a range that is expected for hot Jupiters and that the candidate
signals observed by Leigh et al. (2003a), Rodler et al. (2010) and Rodler et al.
(2013a) are false positives, as correctly hypothesized by these authors.
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Figure 4.11: Relative decrease of the retrieved planet signal when stacking the
cross-correlation functions using erroneous values for P and Ty in the
ephemeris. The retrieved signal is especially sensitive to an error in the
orbital period, because the data is obtained over a 15 year timespan. The
error bars indicate the known statistical errors on P and Ty as reported
by Brogi et al. (2012) and Borsa et al. (2015). We stack the data at orbital
periods that are deviant from the reported period by Borsa et al. (2015)
by 15, ten and five times their reported standard error, but find but find
no signature of T Boo b. This is done to take into account the possibility
of a systematic error in the orbital period, which could have affected our
analysis.
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Figure 4.12: Upper panel: Cross-correlation strength as a function of the rest frame
velocity of the system Vsys and the planet radial velocity amplitude K.
Lower panel: The cross-correlation strength for the injected planet signal
at e = 2 x 107°. No significant signals are present near the expected Ky,
of the planet.
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Figure 4.13: Planet-to-star contrast ratio € as a function of the geometric albedo p and
the planetary radius Rp. Solid contour lines indicate the contrast limit
of 1.5 x 107> and the limits reached by Charbonneau et al. (1999), Col-
lier Cameron et al. (2000) and Rodler et al. (2010) converted to 30 confi-
dence. The horizontal lines denote R = 0.8,1.15 and 1.61Ry, which are the
minimum, the mean and the maximum radii of all known transiting hot
Jupiters with masses between 3 and 9M.



4.5 CONCLUSIONS

A low albedo can be explained by strong absorption at visible wavelengths
due to the broad wings of alkali absorption lines, Rayleigh scattering by hy-
drogen and small condensate particles and an absence of a reflective cloud
deck Heng et al. (2013). Because Rayleigh scattering dominates at short wave-
lengths, the planet is expected to have a blue appearance such as has been
observed in HD 18733 b (Evans et al., 2013). We investigated whether such a
Rayleigh scattering signal is present in the data by co-adding only the blue
spectral orders at wavelengths below 450 nm, roughly matching the band
within which Evans et al. (2013) measured the albedo of HD189733 b to be
p = 0.32£0.15. Also in this case, we measure no reflection signal from the
planet and constrain the average contrast between 380 nm and 450 nm to
32x107°,

Using similar methods and observations as used in this work, Martins et
al. (2015) claim a detection of 51 Peg b at the level of € = 6.0 x 107> + 0.4.
This requires the planet to have a high albedo of p=o0.5 for a 1.9Ry planet, or
higher if assuming a smaller radius. Their measurement is in stark contrast
with the observed trend that hot Jupiters tend to have low albedo’s, to which
only a few exceptions are known to exist (Demory et al., 2011; Shporer et
al., 2014). If 51 Peg b indeed has a phase-curve amplitude of 60 + 4 parts
per million, it would be especially suitable for follow-up with the TESS and
CHEOPS space telescopes. By measuring the shape of the phase curve, such
observations would help to constrain the nature of the scattering particles in
the atmosphere of this planet and shed light on the causes for its anomalous
brightness (Heng et al., 2013; Hu et al., 2015; Oreshenko et al., 2016).

On the other hand, T Boo and other dark hot Jupiters around bright stars
will require more sustained observations before their reflected light can be
characterized at visible wavelengths. High-resolution ground-based spectro-
scopy may continue to provide a viable alternative to space-based observa-
tions, especially in the absence of the Kepler survey that offered the long
observing baselines needed to measure the majority of optical secondary
eclipses to date. Notably the ESPRESSO instrument at the VLT will be per-
fectly suited for these kinds of observations, owing to its high spectral resolu-
tion, superior stability and the photon-collecting power of the VLT (Martins
et al,, 2013).

4.5 CONCLUSIONS

Since its discovery, T Boo has been observed in various programmes in at-
tempts to detect its reflected light using high dispersion spectroscopy at vis-
ible wavelengths (Charbonneau et al., 1999; Leigh et al., 2003a; Rodler et al.,
2010; Rodler et al., 2013b). These have constrained the planet to be fainter
than 5 x 107> times the brightness of the star.
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In this work, over 2,000 archival UVES, UES, HARPS-N, ESpaDOnS and
NARVAL spectra were combined and cross-correlated with a model template
to search for the reflected stellar spectrum at the rest-frame velocity of the
planet. We are able to rule out planet-to-star contrasts greater than 1.5 x 107>
at 30 confidence, under the assumption of a lambertian phase function. The
noise level of this analysis is thus 0.50 x 107>, on par with optical secondary
eclipse measurements of other hot Jupiters by the Kepler, CoRoT and MOST
space observatories. T Boo b has a mass of 6.13 +0.17Mj, and planets in this
mass range have radii of 1.15R; on average. This radius would constrain the
geometric albedo to a value of 0.12. A low albedo is consistent with theoretical
predictions and a number of studies of other hot Jupiters have shown that
such albedo values are indeed common.
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MEDIUM-RESOLUTION INTEGRAL-FIELD
SPECTROSCOPY FOR HIGH-CONTRAST EXOPLANET
IMAGING: MOLECULE MAPS OF THE 3 PICTORIS
SYSTEM WITH SINFONI

Angular Differential Imaging (ADI) and Spectral Differential Imaging (SDI)
are well-established high-contrast imaging techniques but their application
is challenging for companions at small angular separations from their host
stars. The aim of this study is to investigate to what extent adaptive-optics
assisted, medium-resolution (R ~ 5000) integral field spectrographs (IFS) can
be used to directly detect the absorption of molecular species in the spectra
of planets and substellar companions, which are not present in the spectrum
of the star. We analysed archival data of the 3 Pictoris system taken with the
SINFONI integral field spectrograph located at ESO’s Very Large Telescope,
originally taken to image (3 Pictoris b using ADI techniques. At each spatial
position in the IFS, a scaled version of the stellar spectrum is subtracted from
the data after which the residuals are cross-correlated with model spectra.
The cross-correlation co-adds the individual absorption lines of the planet
emission spectrum constructively, while this is not the case for (residual) tel-
luric and stellar features. Cross-correlation with CO and H,O models result
in significant detections of  Pictoris b at 6.90 and 11.00 respectively, at an
angular distance of 0.36" from the star. Correlation with a T = 1700K BT-Settl
model provides a 14.40 detection. This in contrast to data analysis using the
LOCI (ADI) algorithm which barely reveals the planet. While the adaptive op-
tics system only achieved modest Strehl ratios of 19-27% and a raw contrast
of 1:300 at the planet position, cross-correlation achieves a 30 contrast limit of
4.4 x 1075 in this 2.5 hr data set. Adaptive-optics assisted, medium-resolution
IFS such as SINFONI on the VLT and OSIRIS on the Keck Telescope, can be
used for high-contrast imaging utilizing cross-correlation techniques for plan-
ets that are close to their star and embedded in speckle noise. We refer to this
method as "molecule mapping" and advocate its application to observations
with future medium resolution instruments, in particular HARMONI on the
ELT and NIRSpec and MIRI on the JWST.

Hoeijmakers, Schwarz, Snellen et al.
To be submitted.
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5.1 INTRODUCTION

To directly image an extrasolar planet, the light of its host star must generally
be suppressed by orders of magnitude. The techniques that have been devel-
oped to do this rely on a combination of precise wave front control (adaptive
optics), possible smoothing of the diffraction pattern of the telescope (pupil
apodization), blocking the star with a mask (coronography) and/or by us-
ing interferometric optics to make the starlight interfere destructively with
itself (phase masks). In such imaging data, residual starlight is present in the
form of speckles which may mimic point-source objects, confusing the de-
tection of companions and planets. Such residuals can be suppressed during
post-processing by assuming that the pattern is fixed to the orientation of
the telescope (angular differential imaging, ADI), that such a pattern scales
with wavelength (spectral differential imaging, SDI), and/or by modelling
the time-variability of the speckles (e.g. principal component analysis, PCA)
(see e.g. Guyon, 2011; Mawet et al., 2012; Chauvin, 2016, for reviews).

So far, direct imaging detections are generally limited to a specific part of
the exoplanet population: Young gas giants in wide orbits that glow by radi-
ating out the internal heat that resulted from their formation. These planets
can be resolved from their host star owing to their relatively large mutual
angular separation and the fact that they are self-luminous at infrared wave-
lengths. Such planets can generally only be observed during the first few tens
of millions of years of their lifetime, after which they have cooled too much
to be detected with current facilities (see e.g. Bowler, 2016, for a review).

The desire to image cooler (i.e. older or less massive) planets that are closer
to their host star is fuelling the development of new instruments, and ob-
serving and data analysis techniques. The arsenal of high-contrast imaging
facilities has recently been expanded by the deployment of dedicated planet
finding instruments such as the Gemini Planet Finder (Macintosh et al., 2006)
at the Gemini Telescope, SPHERE (Beuzit et al., 2008) on the European Very
Large Telescope (VLT), and SCExAO (Jovanovic et al., 2015) on the Subaru
telescope. These instruments also have low-resolution (R~ 30 — 100) spectro-
scopic capability - allowing the spectal characterization of directly imaged
planets, achieving planet-to-star contrast ratios down to 10~° at 0.2" angular
separation (see e.g. Macintosh et al., 2014; Ruffio et al., 2017; Mesa et al., 2017;
Currie et al., 2017).

5.1.1 Integral field spectroscopy

Multiple studies indicate that when high-contrast imaging is combined with
high-dispersion spectroscopic techniques, the achieved contrasts can be sig-
nificantly enhanced (see e.g. Sparks et al., 2002; Riaud et al., 2007; Kawahara
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et al., 2014; Snellen et al.,, 2015; Luger et al., 2017; Wang et al., 2017). Such
strategies assume that the faint planet and the much brighter star have spec-
tral properties that are distinctly different at high spectral resolution; notably
the presence of molecular absorption bands in the spectrum of the planet.
Because the planet is close to the star, its spectrum is deeply embedded
in speckle-noise, but it can be extracted using cross-correlation: The cross-
correlation co-adds the individual absorption lines of the planet construc-
tively, but not stellar and telluric features, or at a different radial velocity.
This method has been applied successfully for the first time by Snellen et al.
(2014) at high spectral resolution, albeit using the CRIRES slit spectrograph
that probes only one spatial dimension. This resulted in the measurement of
the spin of 3 Pictoris b (Snellen et al., 2014).

In this study we investigate to what extent this method can be applied
to data from adaptive-optics assisted, medium-resolution (R ~ 5000) integral
field spectrographs (IFS) - targeting molecular species in a planet atmosphere
that are not present in the star throughout the two-dimensional field of view.
The use of cross-correlation techniques on IFS data was first performed by
Konopacky et al. (2013) and Barman et al. (2015) to detect H,O, CO and
CHy4 in the atmospheres of HR 8799 b&c using the OSIRIS integral field spec-
trograph at the Keck Observatory. At 1.7" and 0.96", HR 8799 b&c are widely
separated from their host star (Marois et al., 2008). Such angular distances are
well resolvable by modern adaptive-optics systems and the speckle-pattern
can be effectively removed using ADI or SDI-based methods. However, the
application of ADI and SDI are less effective at smaller angular separations
because the effects of field rotation and wavelength-dependencies are limited
(Fitzgerald et al., 2006; Lafreniere et al., 2007; Marois et al., 2008; Rameau
et al., 2015).

We apply the cross-correlation technique to archival K-band SINFONI im-
age cubes of the 3 Pictoris system and are able to extract the spectral signa-
ture of the planet 3 Pictoris b, while effectively removing the diffraction pat-
tern of the star in which the planet is embedded. We refer to this technique as
molecule mapping because it produces two-dimensional cross-correlation maps
that show where in the image certain molecules are detected.

In Section 5.2 we describe the 3 Pictoris system. Section 5.3 describes the
archival SINFONI observations used in this analysis and the data reduction.
The cross-correlation procedure is described in Section 5.4, followed by the
resulting cross-correlation images in Section 5.5, including a comparison with
the LOCI algorithm (Lafreniére et al., 2007). Paragraphs 5.5.4 and 5.5.5 high-
light potential application of molecule mapping with upcoming medium-
resolution integral-field instruments on the ELT and JWST, after which the
paper is summarized and concluded in Section 5.6.
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5.2 THE [3 PICTORIS SYSTEM

In 1984, B Pictoris was the first star to be found to host a debris disk, as-
sociated with planet formation processes (Smith et al., 1984). The warped
structure of the disk led to the inference of a possible planetary mass com-
panion (Scholl et al., 1993; Roques et al., 1994; Lazzaro et al., 1994; Burrows
et al., 1995; Lecavelier des Etangs et al., 1996; Mouillet et al., 1997; Augereau
et al., 2001), which was discovered in 2008 (Lagrange et al., 2009; Lagrange et
al., 2010) via direct imaging. The system is a member of the nearby 3 Pictoris
moving group which has an estimated age of 24 + 3 Myr (Bell et al., 2015). A
recent estimate of the bolometric luminosity and effective temperature of the

planet by Chilcote et al. (2017) of log (%) = —3.78 £0.03 and 1724 £ 15K

respectively, provides a mass of 12.9 +0.2Mj and a radius of 1.46 £ 0.01R;
(see Table 5.1), assuming a hot-start evolution model (Baraffe et al., 2003).

3 Pic b moves on a 20-26-year orbit that is highly inclined with respect
to the line of sight from Earth (Wang et al., 2016). This high inclination has
recently triggered a renewed interest in this system because the Hill sphere
of the planet is predicted to transit the star between April 2017 and January
2018 (Lecavelier des Etangs et al., 2016; Wang et al., 2016; Kenworthy, 2017).
Snellen et al. (2014) measured the projected equatorial rotation velocity of the
planet, inferring a length of day of ~8 hours.

5.3 OBSERVATIONS

The {3 Pictoris system was observed with the SINFONI IFS (Eisenhauer et al.,
2003) mounted on ESO’s the Very Large Telescope in K-band on the nights
of September 10 and 11, 2014 as part of ESO programme 093.C-0626(A) (P.L:
Chauvin). The observations on both nights were taken in pupil tracking mode
which makes the field rotate during the observing sequence, facilitating An-
gular Differential Imaging. The 32x64 pixel images were taken in the highest
spatial resolution mode, with each pixel covering 0.0125" by 0.025", provid-
ing a field of view (FOV) of 0.8" by 0.8" on sky. At a resolving power of
R ~ 5000 the SINFONI spectra have a wavelength coverage from 1.929 um
to 2.472 pum with a sampling of 0.25 nm. At the time of these observations
the planet was separated from the central star by approximately 0.36" (Wang
et al., 2016). On the first and second night, 24 and 30 science frames were
obtained respectively, spanning a total duration of 2.5 hours (see Table 5.2).
During both nights, the seeing varied between 0.7" to 0.9" and the AO sys-
tem delivered modest Strehl ratios between 19% and 27%. The observations
on the first night were preceded by a few acquisition images after which the
star was placed just outside the FOV for the rest of the sequence. During the
second night both star and planet were observed continuously (see Fig. 5.1).



5.3 OBSERVATIONS

Table 5.1:

Parameter Symbol Value
Visible magnitude® \% 3.86
K-band magnitude® K 3.48
Distance (pc)b d 19.44 +0.05
Effective temperature (K)¢ Teg 8052 + 30
Mass (M)4 M, 1.8579:93
Metallicity (dex)¢ [M/H] 0.05 + 0.06
Age (Myr)*© 24+3
Rotation velocity ( km shHT  vsini 130
Systemic velocity (kms~")9 v 20.0+0.7
Luminosity (log %) " Ly —3.78£0.03
K-band contrast! AK 9240.1
Effective temperature (K)" Tegt 1724 +£15
Surface gravity (log g)" 418 £0.01
Angular separation (mas)* 356.5+0.9
Position angle (deg)j 213.0+0.2

Summary of the properties of the star 3 Pictoris (upper part) and its planet
(lower part).

a: Ducati (2002).

b: van Leeuwen (2007).

c: Gray et al. (2006).

d: Wang et al. (2016). The stellar mass was inferred from their fit to the total
mass of the system minus the mass of the planet. Although the quoted con-
fidence intervals correspond to 10 uncertainties, the posterior distributions
are non-Gaussian.

e: Bell et al. (2015).

f: Royer et al. (2007).

g: Gontcharov (2006).

h: Chilcote et al. (2017). These authors measured the luminosity from their
GPI datasets, but inferred the other parameters using a hot-start evolution-
ary model by Baraffe et al. (2003). The reported statistical errors do not
account for the model-dependency of these values.

i: Bonnefoy et al. (2011).

j: Measurements obtained by Wang et al. (2016) on November 8, 2014.
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Observing night Sept. 10, 2014  Sept. 11, 2014

Nexp 24 30
DIT (s) 60 2
NDIT 4 50
Airmass 1.34 - 1.15 1.49 - 1.14
PA (deg) 340.7 - 304.6  355.7 - 304.3
Strehl ratio (%) 19 - 27 20 - 25

Table 5.2: Overview of the observations of the the 3 Pictoris system of September 10
and 11, 2014, showing the number of exposures Nexp, the exposure time
per dithering position (DIT), the number of dithering positions combined
to make each science frame (NDIT), and the range of airmasses, position
angles on sky, and approximate Strehl ratios achieved.

The raw data was downloaded from the ESO Science Archive Facility and
reduced using version 3.0.0 of the SINFONI pipeline. The reduction pipeline
produces a three-dimensional image cube for each science observation, with
sky position in the x and y directions and wavelength in the z direction. The
pipeline reduced data cubes contain NAN values at the edges of the wave-
band and at the location of known bad pixels. To reject these areas, we only
consider wavelengths between 2.088 um and 2.452 um and flag any remain-
ing NAN values (see Figure 5.2). From each science exposure we obtain the
wavelength-averaged two-dimensional image. The spatial location of the star
was found by fitting a two-dimensional Gaussian profile to a region of 10 x 10
pixels around the maximum of the PSE. We use this location as a pivot to de-
rotate all image-cubes by their respective position angle and to align them to
a common frame. We co-added all image cubes of each night to obtain two
master image cubes, excluding all regions within a range of 5 pixels from
the edges of the individual frames. The wavelength-averaged images of these
two master cubes are shown in Figure 5.1. From the wavelength-averaged
image of the second night, we constructed a curve of the raw contrast as a
function of angular separation from the star, and measure the raw contrast at
the separation of the planet to be 1:300 (see Figure 5.8).

We subsequently applied our cross-correlation analysis to the master cubes
of both nights independently as described in the next section, and co-added
the resulting cross-correlation functions into a single three-dimensional cross-
correlation cube.
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Figure 5.1: Wavelength-averaged images of the 3 Pictoris SINFONI data, obtained by
de-rotating and stacking the exposures of each night, and taking the me-
dian flux of the spectrum at each image location. The expected position of
B Pictoris b is indicated by the red crosses.

5.4 DATA ANALYSIS

5.4.1 Remouval of starlight

The flux at each spatial position in the data cube is dominated by the spec-
trum of the star, showing a few stellar but mainly telluric absorption features.
The steps to remove this starlight are shown in Figure 5.3. First, a high signal-
to-noise master stellar spectrum is created by combining the spectra from the
1% (20) brightest pixels by first normalizing them to the same flux level and
then by taking the mean of these spectra at each wavelength while rejecting
> 60 outliers.

For each spatial position in the data cube we subsequently divide the spec-
trum by this master and apply a Gaussian smoothing filtering with a 10
width of 10 wavelength steps (~ 300 km s~'). The resulting function is used
as a proxy for the local wavelength-dependence of the stellar diffraction pat-
tern. The stellar master spectrum is then multiplied with this proxy and sub-
tracted from the local spectrum. This effectively removes the starlight at each
position and wavelength. As a final step, any remaining > 60 outliers are set
to zero.
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The average stellar spectrum of the master cube of the second night (black),
compared with a continuum-normalized rotation-broadened PHOENIX
model in red (Husser et al., 2013) and the telluric transmission spectrum
as obtained using ESO SkyCalc in blue (Noll, S. et al., 2012; Jones, A. et al.,
2013), both convolved to the spectral resolution of SINFONI. There are few
stellar absorption lines in this wavelength range and the data is dominated
by telluric absorption bands due to water, CO, and methane. The grey re-
gions at the edges of the waveband were discarded due to strong telluric
bands of HyO and CO, or bad pixels that are close to the edges of the
detector.
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Figure 5.3: Stepwise removal of starlight from each spatial location in the data cubes.
Upper panel: The master stellar spectrum (red) compared to the local ob-
served spectrum (black) at spatial pixel location [50,40] of the second night.
The absolute flux level of the master stellar spectrum is much greater than
that at this location, so it is scaled to the level of the local spectrum for vi-
sual purposes. Middle panel: Ratio of the master spectrum over the local
spectrum (black) after application of Gaussian smoothing (red), which is
used as a proxy for the local wavelength-dependence of the stellar diffrac-
tion pattern. Bottom panel: Residuals obtained after subtracting the master
stellar spectrum multiplied by the proxy from the local observed spectrum.
Pixel values that are more than 60 away from the mean are rejected (red).
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Figure 5.4: Model templates of CO, H,O, CH; and NHj3 at high (R ~ 10°) spectral
resolution (light colour) and convolved to a spectral resolution of R = 5000
(dark colour). The vertical dashed lines indicate the wavelength range of
the data.

5.4.2  Cross correlation with model templates

We search for the presence of CO, H,O, NH3 and CHy at each spatial loca-
tion in the data cube by cross-correlating each local residual spectrum with a
model template of each of these molecules, corresponding to ~ 1200 K emis-
sion models of the day side HD 189733, adopted from de Kok et al. (2014).
In addition we cross-correlate with a grid of pre-computed BT-Settl model
spectra (Allard et al., 2011)" with temperatures less than 3000 K and varying
in surface gravity from log(g) = 2.5 to 5.5.

Prior to cross-correlation, we fit and subtract the continuum of these model
spectra to eliminate low-frequency variations and convolve them to a spectral
resolution of R = 5000 (see Figure 5.4). These models are then cross-correlated
with each residual spectrum over a range of velocities of v 4 2500 km s~!
in steps of 10 km s~'. The cross-correlation of the two data cubes therefore
results in two cross-correlation cubes with a depth of 501 steps in radial
velocity.

At the planet position, the closer the model template matches the real emis-
sion spectrum of the planet, the stronger the resulting cross-correlation sig-
nal will be. In all other spatial locations no significant cross-correlation sig-
nals are expected. The systematic radial velocity of the 3 Pictoris system
is +20 + 0.7 km s~ (Gontcharov, 2006). Using the orbital solution of Wang

1 https://phoenix.ens-lyon.fr/Grids/BT-Settl/CIFIST2011_2015/FITS/
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et al. (2016), we calculate the instantaneous radial velocity of  Pic b to be
~ —9.5km s~ (the barycentric correction of —7.9 km s~ has been applied
by the pipeline). Therefore, the peak cross-correlation is expected to occur at
a radial velocity of ~ 10 km s~ i.e. one velocity step away from zero in our
cross-correlation cubes.

5.4.3 ADI Analysis

We also analysed the data by means of angular differential imaging using
the LOCI algorithm (Lafreniére et al., 2007) to compare the performance of
the molecule mapping technique. LOCI was applied independently at each
wavelength with a separation criterion of 1 full-width-at-half-maximum, an
optimization area of 300 FWHM and a geometry parameter of o.5.

5.5 RESULTS AND DISCUSSION
5.5.1 Molecule maps of the (3 Pictoris system

The molecule maps at the radial velocity of the planet are shown in Figure 5.5.
The maps of CO and H,O show a significant signal at the expected position
of the planet, while the planet is not detected in the maps of NH3 and CHj.
The one dimensional cross-correlation functions at the position of the planet
are shown in Figure 5.6. From these we measure the detection confidence to
be 6.90 and 11.00 for CO and H,O respectively, determined from the ratio
of the peak to the standard deviation of the cross correlation functions at
v > 250 km s~ .

The non-detections of CH4 and NHj are consistent with the effective tem-
perature of the planet, which at 1724 K is expected to be too high for sig-
nificant quantities of these particular molecules unless the planet is rich in
respectively carbon or nitrogen (Burrows et al., 2006; Hubeny et al., 2007;
Zahnle et al., 2014; Heng et al., 2016b; Heng et al., 2016a; Moses et al., 2016;
Todorov et al., 2016).

5.5.2  Cross-correlation with BT-Settl grid

The BT-Settl model that corresponds most closely to the planet parameters
observed by Chilcote et al. (2017), i.e. Teg=1700 K and log(g) =4.0, is used
to produce the cross-correlation map shown in the middle panel of Figure
5.7. This model takes into account absorption from both CO and H,0O, and
therefore is a more complete representation of the true planet spectrum than
the individual molecule spectra. Indeed, the planet is detected at a signifi-
cantly higher level of 14.40. The K-band contrast ratio between {3 Pic b and
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Figure 5.5: Molecule maps of CO, H,0O,CH,4 and NH3 at vgys = 10 km s~ 1. In all four
panels, the colours scale linearly between cross-correlation of -30 (black)
and +8c (white). The cross-correlation enhancement caused by the planet
is detected at a significance of 6.90 and 11.00 in the maps of CO and
H; O respectively, but not in CH4 and NH3.
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Figure 5.6: 1D cross-correlation functions of CO, H,O, CH4 and NHj at the location
of the planet normalized by their noise level.

its host star is AK = 9.2 £ 0.1 (Bonnefoy et al., 2011). Our 14.40 detection of
the planet therefore corresponds to an achieved 3¢ contrast of 4.4 x 107>; an
improvement of a factor 75 over the raw contrast measured in Section 5.3 (see
Figure. 5.8).

The left panel of Figure 5.7 shows the white-light image obtained with
the LOCI algorithm for which these observations were initially intended. Al-
though there is a clear peak at the planet position, it is difficult to assess the
statistical confidence of this detection. Several other positive and negative fea-
tures with similar amplitudes as that of the signal at the planet position are
present in the image, in particular close to the host star.

Global atmospheric parameters such as the effective temperature, surface
gravity, metallicity and abundances ratios, influence the relative strength
of individual absorption lines. These may significantly influence the cross-
correlation function thus making the analysis sensitive to underlying model
parameters. Figure 5.9 shows the peak value of the 1D cross-correlation func-
tion with BT-Settl models with varying T.¢ and log(g). The cross-correlation
peak steeply decreases for temperatures below ~ 1600 K because the strength
of the water absorption features at > 2.1 pm become significantly weaker.

Above ~ 2000 K, the cross-correlation peak is a shallower function of T
as the CO and H;O absorption bands slowly diminish towards higher tem-
peratures. Similarly, models with log(g) below 5.0 are favoured over models
with higher surface gravities, due to the stronger water absorption bands rel-
ative to CO for lower values of log(g). The highest cross-correlation peak
is achieved for T = 1700 K and log(g) = 3.5, with a signal-to-noise of
14.40 (see Figure 5.7). Although preliminary, this analysis shows that medium
resolution integral-field spectrographs can be used to characterize the funda-
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Figure 5.7: Left panel: White-light image obtained after co-adding the data with the
LOCI algorithm. The planet is visible near [0.2",-0.3"], but is barely recov-
ered. Middle panel: Cross-correlation map using the preferred BT-Settl
model (Tes = 1700 K and log(g) = 3.5). The grey scales are set between
—3 and +140. Right panel: The one-dimensional cross-correlation func-
tion at the location of the planet. The BT-Settl model cross-correlates with
the planet at a confidence of 14.40.

mental parameters of directly imaged companions via cross-correlation, and
that molecule mapping is not limited to only the detection of molecules in
the atmospheres of these objects.

5.5.3 Residual structure in the molecule maps

The cross-correlation map of CHy, and to a lesser extent that of H;O, show
systematic correlation signals throughout the image. This is caused by resid-
ual telluric absorption that was incompletely or too strongly corrected by
our cleaning procedure — most importantly the strong telluric CH4 feature at
2.32 um that dominates the absorption spectra of both hot and cold CH4 gas.
This is the result of a mismatch between the local spectra and the stellar mas-
ter spectrum used to remove the starlight and notably occurs near the edges
of individual frames and at the location of the star, where the signal-to-noise
of the residuals is high.

We suspect that the systematic correlation signals are caused by stray light
in the instrument that was not corrected by the data reduction pipeline. Such
spurious light dilutes the spectra and thereby changes the relative depth of
spectral lines. Because there is no one-to-one correspondence between the po-
sition of a spectrum on the CCD and the location in the image, stray light
results in irregular cross-correlation patterns as can be seen in the data. A
careful treatment of stray light during the data reduction may partly mitigate
this problem. However, the spatial structure of the systematic correlation sig-
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Figure 5.8: Raw-contrast curve obtained by averaging the flux from the second night
in annuli with widths of 20 mas around the central star, normalized by the
peak flux. The actual K-band contrast of § Pic b is adopted from Bonnefoy
et al. (2011) and the 30 sensitivity limit of this analysis is derived from our
14.40 detection of the planet.
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Figure 5.9: The planet cross-correlation peak as a function of BT-Settl models with
varying Teg and log(g). The cross-correlation peak steeply decreases for
temperatures below ~ 1600 K because the strength of the water absorption
features at > 2.1 um become significantly weaker. All molecular bands di-
minish above temperatures of ~ 2000 K, causing a slow decrease of the
cross-correlation function at higher temperatures. The black circle corre-
sponds to the values reported by Chilcote et al. (2017).

nals is clearly not point-like and is therefore not readily confused with that
of a planet.

5.5.4 Molecule mapping from space with NIRSpec and MIRI

Molecule mapping provides new possibilities for high-contrast imaging us-
ing R ~ 5000 IFSs, also on instruments aboard space-based observatories.
Both NIRSpec and MIRI on the James Webb Space Telescope (JWST), to be
launched in 2018, have integral-field capabilities. In IFS mode, NIRSpec cov-
ers wavelengths from 0.7 and 5.27 um at a spectral resolution of ~ 2.700 with
a spatial sampling of 0.1" x 0.1". MIRI has a similar IFS mode, operating be-
tween 4.89 um to 28.45 um at a spectral resolution varying from 3320 at short
wavelengths to 1460 at longer wavelengths. The waveband is divided into
four channels with increasing slit-size, the bluest channel having a spatial
resolution of 0.196", and the reddest a spatial resolution of 0.276". Although
the spatial sampling of both NIRSpec and MIRI is significantly more coarse
than that of SINFONI in 25 mas plate-scale mode, objects with a separation
down to 0.1" can theoretically be resolved by the IFS of NIRSpec, and separa-
tions down to 0.2" can be resolved by MIRI at 5 um .



5.6 CONCLUSION

5.5.5 Molecule mapping with HARMONI at the ELT

The primary spectroscopic capability of the ELT in the near infra-red will
be fulfilled by the HARMONI integral-field spectrograph. HARMONI will
cover wavelengths between 0.47 to 2.45 pm at spectral resolutions ranging
from R ~ 400 to ~ 20,000 in individual Z, J, H and K bands. The highest
possible spatial sampling is 4 mas, equivalent to the diffraction limit of the
ELT (Thatte et al., 2014).

To first order, the signal-to-noise achieved by cross-correlation scales with
the signal-to-noise per wavelength element of the planet’s absorption lines
times the square root of the number of lines in the waveband (Snellen et al.,
2015). For bright stars at near-infrared wavelengths, we can assume that the
noise is dominated by the photon noise of the stellar PSF, which scales with
the mirror diameter D. The signal-to-noise of the planet spectral lines scales
with the square root of the spectral resolving power, so the signal to noise of
HARMONI compared to SINFONI can be approximated as:

S/NHARMONI _ DErrvRHARMONI _ 075

S/NsiNFONT Dvrrv/ RsiNFONI

assuming the maximum spectral resolution of HARMONI, but otherwise
equal wavelength coverage and instrument throughput. This indicates that
HARMONI can achieve the same sensitivity as SINFONI in ~ 1% of the expo-
sure time, but for planets that are five times closer to their host star because
the diffraction pattern scales with the inverse of the mirror diameter.

With a spectral resolving power of 20,000, the systemic and orbital veloci-
ties of target planets can be resolved by the cross-correlation function. In addi-
tion to discovering a companion and spectrally characterizing its atmosphere,
the HARMONI instrument can therefore be used to establish co-movement
with the host star and constrain its orbit via the instantaneous radial velocity.
We conceive that this can be achieved in a single observation, making HAR-
MONI especially suitable for the characterization of young giant exoplanets.

5.6 CONCLUSION

This study introduces the first application of the molecule mapping technique
for detecting close-in substellar companions using AO-assisted medium-reso-
lution integral field spectroscopy. With molecule mapping, integral-field spec-
tra are cross-correlated with molecular template spectra to search for the
spectral signatures of spatially resolved exoplanets that are embedded in the
photon noise of the dominating star light. The cross-correlation co-adds the
individual absorption lines of the planet spectrum at the spatial location of
the planet, while this is not the case for (residual) telluric and stellar features.
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We applied molecule mapping to 2.5 hours of archival SINFONI observa-
tions of the 3 Pictoris system. By cross-correlating the integal-field data cubes
with templates of CO, H,O, CH4 and NH3, we obtained 6.90 and 11.00 de-
tections of CO and H,O in the atmosphere of the planet. We also cross-
correlated with a grid of BT-Settl models, varying the effective temperature
between 1200 K — 3000 K, and the surface gravity between log(g) = 2.5—5.5.
We found that the cross-correlation peaks for T = 1700 K and log(g) = 3.5,
and show that molecule mapping can therefore constrain the fundamental
parameters of young gas giant planets. With these model parameters, the
planet was detected at a confidence of 14.40, corresponding to a 30 contrast
of 4.4 x 1075, We also analysed the same data using the LOCI algorithm. In
this case the planet was only marginally detected. This result demonstrates
molecule mapping can significantly enhance the sensitivity of IFS observa-
tions at medium spectral resolution over established direct imaging tech-
niques.

Our successful application of molecule mapping on existing SINFONI data
feeds expectations for the potential of upcoming medium-resolution integral-
field instruments on the JWST and the ELT. We briefly outlined the specifica-
tions of MIRI and NIRSpec (JWST) and HARMONI (ELT) and anticipate that
these instruments will benefit significantly from cross-correlation based anal-
yses. We therefore strongly advocate observations of young giant exoplanets
with MIRI, NIRSpec and HARMONI.
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HET BESTAAN VAN EXOPLANETEN

Het zonnestelsel herbergt acht planeten, waarvan er vier rotsachtig zijn die
zich in de binnenste delen van het zonnestelsel bevinden, en vier grotere
planeten bestaande uit voornamelijk gas en ijs, verder weg van de Zon. Spe-
culaties over het bestaan van soortgelijke planetenselsels rond andere ster-
ren worden al vele honderden jaren gedaan, al ver voor het tijdperk van de
moderne sterrenkunde. Het heeft echter tot 1995 geduurd voordat de eerste
zogeheten exoplaneet daadwerkelijk werd ontdekt. Deze planeet draait rond
de ster 51 Pegasi, een met het blote oog nauwelijks waarneembare ster in
het sterrenbeeld Pegasus. 51 Pegasi b bleek een gasreus te zijn in een zeer
korte baan om zijn ster, op een afstand die 20 keer kleiner is dan de afstand
tussen de Aarde en de Zon. Op deze geringe afstand tot de ster ontvangt de
planeet extreme hoeveelheden sterlicht, waardoor de temperatuur oploopt
tot meer dan 1000 graden Celcius. Een dergelijke planeet komt in ons eigen
zonnestelsel niet voor, en dus kwam de ontdekking van deze zgn. hete Jupiter
erg onverwacht. In de jaren na 1995 werden al snel meerdere van dit soort
planeten ontdekt, en de vraag rees of de configuratie van ons zonnestelsel
(met rotsachtige planeten dichtbij de zon en gasreuzen verder weg) misschien
eerder uitzondering dan regel is. De theorieén over de vorming van ons zon-
nestelsel waren evenmin toereikend om het bestaan van dit type planeet te
verklaren, en er moest naar nieuwe mechanismen voor planeetvorming wor-
den gezocht. Zodoende had de ontdekking van 51 Pegasi b onmiddelijk een
enorme wetenschappelijke impact.

RADIELE SNELHEDEN EN TRANSITS

Exoplaneten zijn moeilijk waar te nemen omdat ze veelal te dicht bij hun
moederster staan om ze direct te kunnen onderscheiden, daar de ster vele
malen meer licht uitzendt dan de planeet. Het grootste deel van de tot nu toe
bekende exoplaneten zijn daarom ontdekt door hun indirecte effecten op het
licht van de ster.

Doordat de planeet en de ster zwaartekracht op elkaar uitoefenen draaien
beiden om het gemeenschappelijke zwaartepunt. Hierdoor beweegt de ster
periodiek heen en weer, en de radiéle component van deze beweging (langs
de kijklijn zoals gezien vanaf de Aarde) is te meten via het Doppler effect
in het spectrum van de ster. Omdat dit effect wordt veroorzaakt door de
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zwaartekracht, is het groter voor planeten die zwaar zijn en dicht bij hun
ster staan. Bovendien kunnen de massa en de baan van de planeet worden
afgeleid.

In een klein deel van de gevallen ligt de kijklijn vanaf Aarde precies in
het baanvlak van de planeet. Vanaf Aarde gezien gaat zo'n planeet eens per
omwenteling (dus eens per exoplaneet-jaar) voor de moederster langs. Wan-
neer dit gebeurt blokkeert deze een deel van het sterlicht, waardoor de ster
een fractie minder helder lijkt te worden. Dit effect heet een planeetovergang
ofwel transit, en komt eens per omwenteling voor.

Evenals de radiéle snelheidsmethode is ook de transitmethode vooral ge-
voelig voor grote planeten die dicht bij hun ster staan. Een grote planeet
zorgt namelijk voor een groter helderheidsverschil, en wanneer hij dichtbij
staat komt de transit vaker voor, waardoor deze makkelijker te herkennen is.
Bovendien is de kans dat het baanvlak precies gunstig ligt hoger als de pla-
neet dicht bij de ster staat. De kans dat de baan van een willekeurig gekozen
hete Jupiter voor de ster langs gaat kan oplopen tot ~ 10%, terwijl dit voor
een planeet zoals de Aarde minder dan 0.5% is. Door deze selectie-effecten
is het niet verwonderlijk dat hete Jupiters de eerste exoplaneten zijn die met
deze methoden zijn gevonden.

DE POPULATIE VAN EXOPLANETEN

Sinds de ontdekking van de eerste hete Jupiters zijn er middels beide detec-
tiemethoden meer dan 3000 exoplaneten ontdekt. Veel van deze planeten zijn
kleiner en koeler dan hete Jupiters. Hierdoor is duidelijk geworden dat hete
Jupiters relatief zeldzame planeten zijn en dat de populatie van exoplaneten
erg divers is. Ook blijkt uit de statistiek dat een groot deel van de sterren een
planetenstelsel herbergt, en dat de configuratie van ons eigen zonnestelsel
niet per sé bijzonder, noch typisch is. Dit doet vermoeden dat er vele plane-
ten bestaan die lijken op de Aarde: Rotsachtige planeten met een atmosfeer
waarin leven mogelijkerwijs kan bestaan. Aard-achtige planeten zijn relatief
klein en koel, en zijn daardoor nog moeilijker waar te nemen dan de veel
zwaardere hete Jupiters. De zoektocht naar dit soort planeten is daarom in
volle gang, en er worden regelmatig veelbelovende kandidaten gevonden. Zo
is er in augustus 2016 middels de radiéle snelheidsmethode een rots-achtige
planeet gevonden rond de ster Proxima Centauri b. Deze ster staat van alle
sterren het dichst bij ons zonnestelsel, en de planeet draait op een zodanige
afstand dat de temperatuur waarschijnlijk laag genoeg is voor het bestaan
van vloeibaar water op het planeetoppervlak. Vloeibaar water wordt als een
van de belangrijkste voorwaarden voor biologische processen beschouwd, en
het gebied rond de ster waarin de temperatuur zodanig is dat water in vloei-
bare vorm kan bestaan wordt aangeduid als de leefbare zone. De vondst van
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een planeet in de leefbare zone rond de dichstbijzijnde ster was terecht we-
reldnieuws.

Niet veel later, in februari 2017 werd het TRAPPIST-1 systeem ontdekt, ver-
noemd naar het Belgische instrument waarmee deze is via de transit methode
ontdekt. Dit systeem herbergt minstens zeven planeten, waarvan er tenmin-
ste drie in de leefbare zone om hun ster draaien. Naar verwachting worden er
in de nabije toekomst meerdere nieuwe instrumenten opgeleverd ten behoeve
van nog gevoeligere transit en radiéle snelheids surveys, en zodoende zullen
er in de toekomst waarschijnlijk nog veel meer van dit soort Aard-achtige
planeten worden gevonden.

SPECTROSCOPISCHE KARAKTERISATIE

Om vast te stellen of een Aard-achtige planeet daadwerkelijk leefbaar is, moe-
ten fundamentele eigenschappen van de atmosfeer zoals de temperatuur, de
chemische samenstelling en dynamica nauwkeurig worden gemeten. Dit is
mogelijk door het sterlicht wat op de planeet valt (of het licht wat de pla-
neet intrinsiek uitzendt) te analyseren met behulp van een spectrograaf: De
temperatuur is af te leiden uit de verdeling van straling op korte en langere
golflengtes (een koele planeet straalt relatief meer rood licht uit dan blauw).
Afhankelijk van de chemische samenstelling zal het spectrum van de pla-
neet op bepaalde golflengtes straling absorberen of uitzenden. Dit vormt een
patroon van absorptie (c.q. emissie) lijnen wat uniek is voor elk atoom en
molecuul. Atmosferische dynamica is in beginsel te meten m.b.v. het Dop-
pler effect, daar het gas in de atmosfeer op verschillende plekken een andere
radiéle snelheid kan hebben.

Een dergelijke analyse is ook van toepassing op sterren, en wordt al 100
jaar succesvol toegepast. Hierdoor is het relatief eenvoudig om de eigenschap-
pen van een ster nauwkeurig te bepalen, maar voor een exoplaneet is dit veel
moeilijker omdat het licht van de planeet vele malen zwakker is dan de ster
en doordat fysische processen in planeetatmosferen doorgaans minder be-
kend zijn dan die in sterren. Om deze reden worden er steeds grotere en
geavanceerdere telescopen en instrumenten gebouwd, en worden er steeds
uitgebreidere en precieze modellen ontwikkeld waarmee de atmosferen van
planeten kunnen worden gesimuleerd.

HOGE RESOLUTIE SPECTROSCOPIE VANAF DE GROND

Het meten van het spectrum van een exoplaneet wordt niet alleen bemoei-
lijkt door het overheersende sterlicht, maar ook door instabiliteit van de in-
strumentatie en de effecten van de Aard-atmosfeer, welke zich tussen de te-
lescoop op de grond en het exoplaneetsysteem bevindt. Om aan dit soort
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instabiliteit te ontkomen wordt voor de spectroscopische karakterisatie van
exoplaneten veelal gebruik gemaakt van ruimte telescopen, met name de
Hubble en Spitzer telescopen. Het nadeel van een spectrograaf aan boord
van een ruimte-telescoop is dat deze over het algemeen een relatief lage spec-
trale resolutie heeft. Dat wil zeggen dat het instrument niet in staat is om
absorptielijnen van elkaar te onderscheiden als deze bijna dezelfde golflengte
hebben. Een instrument met hoge spectrale resolutie kan individuele absorp-
tielijnen wel van elkaar onderscheiden, maar is groter en zwaarder en daarom
duurder om in de ruimte te plaatsen.

In de exoplaneet groep in Leiden is een techniek ontwikkeld die gebruik
maakt van de hoge resolutie van dit soort spectrografen om de spectraallijnen
van een planeet te onderscheiden van die van de ster en de Aard-atmosfeer.
Door de hoge spectrale resolutie is de spectrograaf namelijk gevoelig voor
het Doppler effect als gevolg van de baansnelheid van de planeet. De radiéle
component van de planeet verandert terwijl de planeet zijn baan aflegt, en
als de baan van de planeet bekend is, is precies uit te rekenen wat de radiéle
snelheid van de planeet op elk tijdstip is. Deze snelheidsvariatie is uniek
voor de planeet, en zorgt ervoor dat de zwakke planeetlijnen van de veel
helderdere sterlijnen en de Aardse atmosfeer te onderscheiden zijn.

DIT PROEFSCHRIFT

Met de huidige telescopen en instrumenten zijn we nog niet in staat om Aard-
achtige planeten spectroscopisch te karakteriseren, aangezien het signaal van
deze planeten te zwak is. Deze techniek is daarom voornamelijk succesvol
toegepast met infra-rood spectrografen en absorptielijnen van CO en water
moleculen in de atmosferen van hete Jupiters. Hete Jupiters zijn groot en
warm, waardoor deze signalen relatief sterk zijn en karakterisatie makkelij-
ker is. Het tweede hoofdstuk van dit proefschrift beschrijft hoe deze techniek
ook op visuele golflengtes kan worden toegepast, alwaar de absorptiespectra
van hete Jupiters naar verwachting vele duizenden lijnen van gasvormig tita-
nium en vanadium-oxide bevatten. Deze moleculen absorberen sterlicht effi-
cient in het visuele deel van het spectrum en kunnen daarmee een belangrijke
bron van energie zijn die de atmosfeer van de planeet op bepaalde plekken
sterk verhit. Deze gassen kunnen daarom een belangrijke rol spelen in het kli-
maat van de planeet. Waarnemingen op lage spectrale resolutie suggereren
dat TiO en VO daadwerkelijk in sommige hete Jupiters aanwezig zijn, maar
zijn vaak niet in staat om deze moleculen eenduidig te identificeren omdat
de individuele absorptielijnen niet kunnen worden opgelost. Op hogere spec-
trale resolutie is het wel mogelijk om het unieke absorptiepatroon van deze
moleculen op te lossen, en in dit hoofdstuk tonen wij aan dat transit waarne-
mingen op hoge resolutie erg gevoelig zijn voor lage concentraties TiO en VO
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in hete Jupiters. Echter, om de absorptielijnen te kunnen identificeren is een
nauwkeurige blauwdruk nodig van de absorptiespectra van deze moleculen.
Wij tonen aan dat de gangbare model spectra niet overeenkomen met TiO en
VO absorptie in de atmosferen van koele sterren (welke veel TiO en VO be-
vatten), waardoor tot op heden niet vast te stellen is of de absorptielijnen van
deze moleculen in de transit spectra van hete Jupiters voorkomen, en we con-
cluderen dat de TiO en VO spectra nauwkeurig gemeten of berekend moeten
worden voordat dit soort moleculen in de atmosferen van exoplaneten met
behulp van hoge resolutie spectroscopie gevonden kunnen worden.

In hoofdstuk 3 passen we dezelfde techniek toe, maar ditmaal om het opti-
sche gereflecteerde licht van de hete Jupiter T Bo6tis b te detecteren. Het licht
wat direct door een planeet wordt gereflecteerd bevat waardevolle informa-
tie over de reflectieve eigenschappen van de planeet. Zo laat het bijvoorbeeld
zien of de planeet bedekt is door een reflectief wolkendek, of dat de atmosfeer
helder is, in welk geval de planeet donkerder is. Deze planeet werd al in 1997
ontdekt rond de heldere ster T Bootis. Doordat dit systeem zo helder is, zijn
er in de loop der jaren meerdere pogingen gedaan om het sterlicht wat door
deze planeet gereflecteerd wordt waar te nemen, maar zonder succes. In dit
hoofdstuk combineren we meer dan 2100 hoge-resolutie spectra van dit sys-
teem die tussen 1998 en 2013 met verschillende telescopen en instrumenten
zijn waargenomen. Zelfs met deze hoeveelheid data blijkt het niet mogelijk
om het gereflecteerde licht van de T Bodtis b waar te nemen, hetgeen bete-
kent dat de planeet donker is, en geen reflecterend wolkendek heeft. In dit
opzicht komt T Bootis b overeen met andere hete Jupiters, welke typisch wei-
nig reflectief zijn. Dit is echter gebaseerd op langdurige waarnemingen van
de fase-veranderingen van deze planeten met behulp van ruimte-telescopen.
Door ruim 2100 hoge resolutiespectra van Aardse telescopen te combineren,
zijn wij in staat om soortgelijke limieten te halen.

In hoofdstuk 4 verschuiven we onze aandacht naar de Aarde. De Aarde
is voor zover bekend de enige leefbare, en levende planeet. Daarom is de
zoektocht naar leefbare exoplaneten gericht op planeten die "Aard-achtig"
zijn. Maar om vast te stellen of een planeet daadwerkelijk op de Aarde lijkt
is het allereerst noodzakelijk om te weten hoe de Aarde er uit zou zien
als het een exoplaneet was geweest. Hiertoe zijn Aard-observaties vanuit de
ruimte nodig. In de context van klimaatwetenschap en meteorologie wordt
de Aarde continu door satellieten van buitenaf geobserveerd, maar deze stal-
lieten staan relatief dicht bij de Aarde en nemen de Aarde in detail waar.
Het is lastig om hieruit de globale eigenschappen van de Aarde af te leiden,
en daarom zijn observaties vanaf grotere afstand noodzakelijk. Hoofdstuk 4
presenteert daarom een prototype voor LOUPE, wat staat voor Lunar Obser-
vatory for Unresolved Polarimetry of Earth (Onopgeloste, d.w.z. globale polari-
metrische Aard-observaties vanaf het oppervlak van de Maan). Dit apparaat
meet zowel de lichtintensiteit als de polarisatie als functie van golflengte, en
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karakteriseert zodoende het polarisatiespectrum van de Aarde. Polarisatieme-
tingen van exoplaneten zijn op dit moment nog niet mogelijk, maar zullen in
de toekomst belangrijk zijn om de oppervlakte eigenschappen van exoplane-
ten vast te stellen. Zo heeft verstrooiing van zonlicht door waterdruppeltjes
unieke polarisatie-eigenschappen, waardoor polarisatiespectra van exoplane-
ten in de toekomst van groot belang zullen zijn in de zoektocht naar leefbare
planeten. In dit hoofdstuk tonen we aan dat LOUPE zodanig klein en licht
kan zijn dat het mogelijk is om aan bestaande maanmissies toe te voegen,
zonder een grote impact op het budget of de complexiteit van een dergelijke
missie.

In hoofdstuk 5 combineren we de spectroscopische methoden uit hoofd-
stukken 2 en 3 met hoge-contrast waarnemingen van {3 Pictoris b, genomen
met behulp van de SINFONI spectrogaaf. 3 Pictoris b staat, evenals sommige
andere exoplaneten namelijk zo ver van zijn ster af dat hij direct waarneem-
baar is in ruimtelijke afbeeldingen van het systeem, vlak naast de veel hel-
derdere moederster. Omdat dit soort planeten ver van hun ster verwijderd
zijn ontvangen ze weinig sterlicht en bevinden ze zich in een zeer koude om-
geving. Deze planeten zijn echter zichtbaar omdat ze relatief kort geleden
gevormd zijn. Een planeet verzamelt tijdens zijn vorming gas en stof uit de
protoplanetaire schijf die om de jonge ster heen draait, en kan hierbij tempera-
turen van meer dan 1000 graden Celcius bereiken. Wanneer de ster volgroeid
is en de schijf van gas en stof is verdwenen, gloeit een jonge planeet nog gedu-
rende miljoenen jaren na. Dit schijnsel zorgt ervoor dat jonge planeten direct
waarneembaar zijn ondanks dat ze ver van hun ster verwijderd zijn. 3 Picto-
ris b is zo’n jonge planeet, met een geschatte leeftijd van 24 miljoen jaar. Naast
(3 Pictoris b zijn er maar enkele soortgelijke jonge exoplaneten bekend, en om
ook planeten dichterbij de ster te kunnen waarnemen moeten instrumenten
in staat zijn om diepere contrasten te bereiken. De SINFONI spectrograaf is
in staat om tegelijkertijd ruimtelijke en spectrale informatie waar te nemen.
Op deze spectrale dimensie kunnen de technieken uit hoofdstukken 2 en 3
worden toegepast, om zo het contrast tussen de ster en de planeet te verho-
gen. Hierdoor zijn we in staat om water en CO waar te nemen in de atmosfeer
van deze planeet en stellen we vast dat toekomstige instrumenten die even-
als SINFONI zowel ruimtelijke als spectrale informatie waarnemen en op dit
moment in ontwikkeling zijn, uitermate goed in staat zijn om middels deze
methoden jonge gasplaneten te vinden en de karakteriseren.
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CURRICULUM VITAE

I was born on the 8" of July of the year 1990, in the city of Zwolle, the Nether-
lands. In 1992, my parents moved (me) to the rural town of Zonnemaire
(which incidentally is the birthplace of Prof. Pieter Zeeman, known for win-
ning the Nobel Prize in Physics together with Hendrik Lorentz in 1902 for his
discovery of spectral line splitting in the presence of a magnetic field), where
I attended elementary school. Growing up in the 1990’s, I witnessed the de-
velopment of new technologies such as personal computing, the internet and
mobile communication which have fundamentally altered society. This also
was a decade of discovery in astronomy and planetary science, which saw
the continued robotic exploration of Mars, the thriving of the Hubble Space
Telescope as well as the discovery of the first extra-solar planets. I remember
being captivated by the promise of the Cassini/Huygens mission that was
scheduled to arrive at Saturn in 2004. At the time of writing, this spacecraft
is making its final plunge into Saturn’s atmosphere, ending thirteen years
of ground breaking discoveries that include the striking resemblance of Ti-
tan’s cryogenic climate to the climate of Earth and the exciting potential for
extraterrestrial life in warm water oceans below the frozen surface of Ence-
ladus. Being at the receiving end of all this exciting progress, I attended high
school at the Pontes Pieter Zeeman College where my interest in physics and
astronomy was finally cemented.

In September 2008 I enrolled to the bachelor programme of astronomy at
Leiden University, which I completed in 2011. During this time I became a
member of the Rino foundation, who performs classroom physics demon-
strations at high schools throughout the Netherlands. I was a member of
the board for one year and performed demonstrations at over 40 schools. I
continued my education by starting the instrumentation track of the astron-
omy master programme in 2011. This included regular visits to the Technical
University of Delft where I attended courses related to planetary science, im-
age analysis, signal processing and optics. I did both my research projects in
Leiden, starting with the application of the cross-correlation technique at op-
tical wavelengths to search for molecules in the atmosphere of a hot Jupiter
in the group of Prof. dr. Ignas Snellen, followed by a project to prototype
an instrument aboard a lunar lander to observe the Earth as if it were a liv-
ing exoplanet, supervised by Dr. Frans Snik and Prof. dr. Christoph Keller. I
graduated Cum Laude and was awarded the Huygens fellowship, allowing
me to start a Ph.D. program in Leiden under the combined supervision of Dr.
Frans Snik and Prof. dr. Ignas Snellen with the goal of interfacing between ex-
oplanet observations and instrument development. During my Ph.D. I anal-
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ysed optical, high-dispersion spectroscopic transit observations of two hot
Jupiters to search for absorption by molecular species and reflected starlight.
I developed and tested a prototype for the Lunar Observatory for Unresolved
Polarimetry of Earth (LOUPE), demonstrating that spectropolarimatric char-
acterization of Earth as a living exoplanet can be performed using a small,
robust instrument from the lunar surface. Finally, I applied the new Molecule
Mapping technique on integral-field spectroscopy observations of the 3 Pic-
toris system by the SINFONI spectrograph and showed that high-contrast
integral field spectroscopy can be used at medium spectral resolution to con-
fidently detect molecules in hot young gas giants and that it can be used to
constrain their fundamental parameters.

As of November 2017 I will be working as a post-doctoral researcher in
the groups of David Ehrenreich, Christophe Lovis and Kevin Heng at the
University of Geneva and the University of Bern, Switzerland. I will continue
to use spectroscopic observations to characterize exoplanets, and make use
of the many new and exciting instruments that are due to be deployed over
the course of the coming years.
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