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Abstract

Extrasolar giant planets (EGP) in a close-in orbit undergo extreme irradiation by their host star.
Emission of H+

3 is expected to support the stabilization of the planetary atmosphere, since the ion
radiates in the near-infrared (NIR) and thereby cools the upper layers of the atmosphere.

The simulations of H+
3 emission from hot Jupiter planets di↵er in their predicted strengths

by several orders of magnitude. H+
3 emissions from EGP atmospheres have not been detected

yet. Previous to this study, only a few other attempts for the observation of H+
3 from hot Jupiter

atmospheres have been made and did not reach the emission limits of the theoretical predictions.
We obtained ground based spectroscopy with CRIRES at the Very Large Telescope (VLT) for

the three hot Jupiter systems HD 209458, HD 217107 and GJ 86, and search for signatures of H+
3

emission in the L0 band. CRIRES is a NIR high resolution spectrograph and provides adequate
resolution to observe atmospheric emission lines from exoplanet atmospheres.

For the transiting hot Jupiter HD 209458 b, we obtained spectra during and after secondary
eclipse. We use the information on the ephemeris of the planet to search for H+

3 emission lines
directly in the spectra after correcting for the planetary radial velocity. We apply a cross-correlation
approach, subtracting the stellar signal with the secondary eclipse spectra. We also apply a
‘shift-and-add’ technique, combining all non-eclipse spectra in order to detect possibly hidden
H+

3 emission. We do not find any signs of H+
3 emission from the atmosphere of the hot Jupiter

HD 209458 b in the obtained spectra. We derive the emission limits for the H+
3 line at 3953.0 nm

[Q(1, 0)] to be 8.32 · 1018 W and 5.34 · 1018 W for the line at 3985.5 nm [Q(3, 0)]. These emission
limits are in good agreement to other ground based measurements of H+

3 emission limits in hot
Jupiter atmospheres. However, comparing our emission limits to the theoretical predictions, there
is a deficiency of up to three magnitudes of sensitivity in order to measure H+

3 emission in our data.
From our detection limits we derived the constraints for pushing the H+

3 emission limit down to
5 ·1016 W with new CRIRES observations and successfully obtained spectra of the two non-transiting
systems HD 217107 and GJ 86. We searched for H+

3 directly and also tested the cross-correlation
approach, similar to the first attempt. The analysis of the spectra from both hot Jupiter systems
did not reveal signatures of atmospheric H+

3 emission. We derive our best result for HD 217107 b
with an emission limit of 2.88 · 1016 W for the emission line at 3985.5 nm. This limit is below
the estimations by Miller et al. (2000) and in range of the limit derived by Yelle (2004). Future
observational attempts of atmospheric H+

3 of hot Jupiters with ground based instruments, aiming
at even lower emission limits preferably would be carried out with high resolution spectroscopy at
future giant telescopes, such as the E-ELT.

v
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Chapter 1

Introduction

1.1 Extrasolar Giant Planets

The planets of our own solar system are typi-
cally classified by astronomers into the follow-
ing categories: rocky planets, gas giants and ice
giants. The category of the rocky planets in-
cludes Mercury, Venus, Earth and Mars. These
planets are called ‘rocky’ since they have a def-
inite solid core where one would, in principle,
be able to stand on the surface, without be-
ing crushed by gravity. Three of them, Venus,
Earth and Mars have a relatively thin, but still
prominent atmosphere, while Mercury, the in-
nermost planet, has almost none. Jupiter and
Saturn are gas planets, or gas giants, as they
are much larger than Earth and have atmo-
spheres that consist mostly of hydrogen and
helium. The overall density of these planets
is much lower than those of the rocky plan-
ets. The ice giants are Uranus and Neptune,
these planets consist mostly of elements that
are heavier than hydrogen and helium.

In the solar system, the rocky planets are
located as the ‘inner planets’ that are orbiting
closer around the Sun, while the outer four
planets fall into the gas giant and ice giant cat-
egories. The exploration and observation of the
solar system was the basis from which planet
formation theories were developed, until the
first detection of an exoplanet around a Sun-
like star (Mayor and Queloz, 1995) questioned
the previously defined categories. The detected
planet 51Peg b is very close to its host star and
has an orbital period of only 4.2 days. Its mass
was derived to be 0.47 Jupiter masses. The exis-
tence of this close-in gas giant planet could not

be explained by the existing planet formation
theories at this time. But due to the subsequent
discoveries of more and more close-in extra-so-
lar giant planets (EGP), a new category called
‘hot Jupiter’ was added to the list of planet
categories. The existence of hot Jupiter plan-
ets suggested that these giant planets migrated
over time from a wider orbit around their host
star into the orbit that they were now detected
in and planet formation theories were adopted
to these new findings.

Current theories explain the existence of
hot Jupiter planets by two types of migration,
the first being migration from a much more out-
ward orbit due to gravitational disturbances
caused by the nearby passing of a star or other
planet. This disturbances yield to an eccen-
tric orbit that is assumed to settle down to a
close-in circular orbit over time. The second
formation theory is called disk migration and
describes the inwards migration of the young
gas planet due to gravitational interaction with
the gaseous disk (the so called protoplanetary
disk) from which it forms.

It is expected that the most common type
of exoplanet have radii in between the radii of
Earth and Neptune (Batalha et al., 2013) and
short orbital periods. These mini-Neptunes are
assumed to have a solid core and a gaseous
envelope, consisting mostly of hydrogen and
helium. Another significant fraction of dis-
covered planets are close-in hot Jupiters, while
planets with longer periods are found much less
often. This can be explained by the fact, that
the two most successful detection methods for
exoplanets, namely the transit method and the
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radial velocity method (see Sec. 1.2), both have
a detection bias towards short period planets
and larger masses.

Figure 1.1 gives an overview over the con-
firmed exoplanets that are within an semi-ma-
jor axis of 5AU (up to April 2019). The figure
shows the planetary mass (on a logarithmic
scale and in units of Jupiter masses MJup) as
a function of the orbital distance of the planet
to its host star, also on a logarithmic scale.

The progress in instrumentation that fol-
lowed the first discovered exoplanets led to
more and more confirmed detections. To this
day the most successful mission for exoplanet
detection is the Kepler mission: according to
the NASA exoplanet archive, over 60% of all
confirmed exoplanets today have been discov-
ered with Kepler lightcurves (2327 out of 3735
confirmed exoplanets). This was achieved by
looking at a huge number of stars, since the
chances for any of those stars to undergo a tran-
sit is very small. But, due to the large number
of stars observed, transiting exoplanets can be
observed nonetheless.

The characterization of exoplanet atmo-
spheres requires observations at the frontier
of instrumentation. The first measurement of
any atom of an exoplanet’s atmosphere was
the detection of sodium in the atmosphere
of HD209458 b by Charbonneau et al. (2002).
Several detections of atmospheric components
followed, the majority being detected in the
atmospheres of hot Jupiters, which provide
relatively strong signals compared to smaller
planets. Despite the challenges that arise from
attempting to access the atmospheres of exo-
planets, for hot Jupiter planets it is even possi-
ble to gain information about the dynamics of
the atmosphere, e.g. the loss of the atmosphere
due to the stellar irradiation (e.g. Vidal-Mad-
jar et al. (2004)), or the existence of clouds in
exoplanet atmospheres (Iyer et al., 2016). How-
ever, these observations remain di�cult and
the observed data need to be supplemented by
theoretical models.

One of the still unsolved mysteries is, whether
hot Jupiters have a magnetic field or not. Jupiter’s

magnetic field interacts with the solar wind,
causing bright auroral features from the poles
up to mid-latitudes, which can be observed
in the infrared, as well as in ultraviolet wave-
lengths (Drossart et al., 1989; Ballester et al.,
1996). Theories about the observability of au-
roral emission lines from hot Jupiters have
been discussed in literature for almost 20 years
(Miller et al., 2000) and there is still excitement
about the possible advances in formation the-
ory and atmospheric behavior of hot Jupiter
planets that these detections could deliver.

H+
3 is the best candidate molecule for the

detection of auroral features in a hot Jupiter
atmosphere. The molecule emits in infrared
wavelengths, mainly in two bands around 2µm
and 4µm.

Even though theoretical predictions for the
emission strengths di↵er by several orders of
magnitudes, depending on the model, H+

3 emis-
sion of hot Jupiter atmospheres could be de-
tectable with ground-based instrumentation.
The goal of this thesis is to find H+

3 emission
of hot Jupiters, defining the detection limits of
these observation and comparing them to the
theoretical model predictions.

1.2 Detecting Exoplanets

The two most successful methods for exoplanet
detections are the radial velocity (RV) and
the transit method and will be introduced in
more detail in the following subsections. Both
methods detect exoplanets in an indirect way
and combined detections comprise 93% (72%
transit detections + 20% RV detections) of all
confirmed detected exoplanets so far1. Fur-
ther detection methods include e.g. directly
imaging the light of exoplanets, which is very
challenging due to the low brightness contrast
between the planet and the star. Therefore the
planet has to be very bright and in a large orbit
around its host star (Kalas et al., 2008; Chau-
vin et al., 2017). The orbits of planets detected
with direct imaging reach from 10 to 100 AU

1 exoplanet.eu on April 30th 2019
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Earth

Jupiter

Figure 1.1: Mass vs. semi-major axis in logarithmic scaling for all confirmed exoplanets
from the exoplanet.eu plotting tool. Earth and Jupiter are added for comparison and
orientation. The central-to-left cloud of exoplanets with high masses in short orbital
distances comprises the hot Jupiter planets.
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wide orbits. Current instrumentation for these
observations are e.g. the Gemini Planet Im-
ager (Macintosh et al., 2006) and SPHERE at
the Very Large Telescope (VLT) (Beuzit et al.,
2006).

1.2.1 Radial Velocity

The RV method is based on measuring the
Doppler e↵ect for planet hosting stars. A planet
and its host star orbit their common center of
gravity. For most star-planet systems this is
inside the host star due to its much higher
mass compared to the planet. Depending on
the orientation of the orbit this can lead to a
velocity component of the star towards or away
from the observer. Due to the Doppler e↵ect
this movement shifts the frequency of the light
observed from the star which can be described
by

f =

✓
1 +

vobs � vs

c

◆
f0 (1.1)

where f is the observed frequency of the light,
vobs � vs is the velocity of the light source rela-
tive to the observer, c is the speed of light and
f0 is the rest frequency of the light emitted by
the star.

Fig. 1.2 illustrates the principle of this ef-
fect. The periodic shift of the stellar spectra
lines can be measured with a high resolution
spectrograph which has to be calibrated against
spectral lines from a a light source that is mov-
ing with the observer (e.g. hollow cathode
lamps, telluric atmospheric lines or gas cells).

The semi-amplitude K of the Doppler sig-
nal is described as:

K =


2⇡G

P

�1/3 MP sin i

(MS +MP )
2/3

(1�e2)�1/2

(1.2)

with P being the orbital period, MS the
mass of the host star, MP the mass of the
planet, e the excentricity of the orbit, G the
gravitational constant and the inclination i,
which describes the angle between the normal

to the orbital plane and the line of sight. The
observer measures the projected movement of
the star in the line of sight. The inclination an-
gle cannot be measured by this method, hence,
if i is unknown, only the lower limit of the
planetary mass MP can be determined.

The method is biased towards large and
close-in planets, since these objects have larger
gravitational impact on their host star and
produce a larger semi-amplitude, which makes
them easier to be detected. The host star it-
self also has an impact on the detectability of
potential exoplanets: Stellar activity induces
signals on its own which look similar to RV-sig-
nals of planets. These signals are essentially
creating a noise floor which makes detecting
planets with smaller RV-signals much more dif-
ficult. Hence, the activity of the star influences
the minimum mass that can be detected over
this stellar RV jitter.

1.2.2 Transit Photometry

If the orbit of an exoplanet is almost perpendic-
ular to the plane of the sky (which is commonly
called ‘edge-on’), the planet crosses (transits)
the stellar disk periodically within every orbit.
The occultation of the stellar disk by the planet
can be measured by photometric observations
as a dimming of the stellar light. The drop
in the stellar flux can be described with the
following equation:

�F =

✓
RP

RS

◆2

. (1.3)

�F is the observed change of flux during
the transit (transit depth), RP the radius of the
planet and RS the stellar radius. When observ-
ing several transits of an exoplanet it is possible
to determine the period P of the orbit. The
information from the transit light curve can be
used to determine the orbital period, orbital
inclination, planet radius and the semi-major
axis; the approach is described in detail in Sea-
ger and Mallén-Ornelas (2003). The transit
light curve can also deliver information about
star spots or even allow the detection of other
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Figure 1.2: Illustration of the radial velocity method. The exoplanet and its host star
orbit around their common center of mass. The light that is emitted towards the observer
on Earth is red- or blue shifted due to the Doppler e↵ect, depending on the motion of the
host star. Image credit: ESO

non-transiting planets in the system by mea-
suring variations in the transit timing (TTV).
The dimming of the stellar light caused by a
transiting exoplanet is small, even for close-in
hot Jupiter planets the signal strengths reach
only around 1% of the total flux. Hence, large
planets with short periods are easier to detect
than planets with larger periods and/or small
planets, that cause only very small transit sig-
nals. A detection of a transiting exoplanet
candidate is usually confirmed by RV obser-
vations in order to rule out a false detection
that might be caused by, e.g., a blend from a
background binary system.

1.3 Characterizing Exoplanets

All of the planets of the solar systems have been
studied in great detail from the ground and
with spacecraft missions and are still subject
of missions today. Space probes were landed
on the surface of Venus, Mars and even the
Jupiter moon Titan and were operated there

successfully for exploration. Also, all of the
solar system planets were visited by space-
crafts with fly-byes or even dedicated orbiting
missions. One of the current missions that is
orbiting a solar system planet is Juno, which
was launched in 2011, reached Jupiter after
five years and is equipped with instrument to
explore the planets origin, interior structure,
atmospheric composition and dynamics as well
as the polar magnetosphere and aurora (Bolton
et al., 2017).

While the characterization of the solar sys-
tem planets is possible by direct observations,
the available techniques for the characterization
of exoplanets are mostly indirect and require
the exoplanet to be transiting its host star. If a
planet is observed with both, the radial velocity
and the transit method, the mean density of
the planet can be derived. The most reliable
conclusions from these bulk densities can be
drawn, when the computed value is consider-
ably low and thus requires the planet to own
a gaseous envelope. The bulk density cannot
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determine the internal structure of planets with
small radii (Adams et al., 2008), e.g. it can be
the same for a small rocky planet with a thin
and light atmosphere and a small water-domi-
nated planet.

This degeneracy can be broken when ac-
cessing the atmosphere of the planet. The at-
mospheric composition and temperature char-
acterizes the nature of a planet and from these
parameters the habitability of an exoplanet can
be determined. Determining the atmospheric
composition of an exoplanet is very challenging
and therefore most observations are focused
on analyzing and understanding the composi-
tion of the atmospheres of giant planets, since
those produce larger signals compared to those
of smaller exoplanets (e.g. Swain et al., 2008;
Stevenson et al., 2010).

One of the common techniques applied for
the characterization of exoplanet atmospheres
is transmission-spectroscopy, where spectra of
the host star are being taken while the planet
is transiting in front of the star. Figure 1.3
illustrates the geometry of a transiting planet,
the planet is shown at the beginning of the
transit, which is also called primary eclipse,
and shortly before being occulted by the star,
which is called secondary eclipse. During pri-
mary eclipse the solid part of the planet is
simply blocking the light while the planet’s at-
mosphere filters a small fraction of the stellar
light. In the figure, the planet’s atmosphere
is indicated by the light blue ring around the
planet. The stellar light shining through the
atmosphere will get additional spectral lines
due to absorption by the atoms or molecules
and therefore receives an imprint of the atmo-
sphere. Additionally, the stellar light is blocked
by optically thick atoms or molecules in the
atmosphere, which causes the transit time, ob-
served in these particular wavelengths to vary.
Therefore, observing a wavelength dependent
transit also allows to analyze the planet’s at-
mosphere. These measurements are extremely
di�cult as the signal strength, the fraction of
the light that is blocked by the atmosphere of
the planet, is only up to 1000 ppm for giant

planets in close orbits around Sun-like stars.
Hence, for the even smaller signals from planets
in the habitable zone, current instrumentation
is not sensitive enough.

Transit spectroscopy was used successfully
to detect atomic sodium (Charbonneau et al.,
2002), hydrogen, carbon and oxygen (Vidal-
Madjar et al., 2003, 2004). These observations
were carried out with spaced based instruments,
namely the Space Telescope Imaging Spectro-
graph (STIS) at the Hubble Space Telescope
(HST).

If an exoplanet is transiting its host star,
the planet can be observed during transit, as
described above, or shortly before and after sec-
ondary eclipse (when the planet is behind the
star). The secondary eclipse allows to observe
the host star without the planet. These obser-
vation can then be subtracted from the obser-
vations where the planet is present. Hence, one
can disentangle the stellar from the planetary
signal.

Direct detection of non-transiting exoplan-
ets is possible by detecting the emission signals
of the exoplanet’s atmosphere. This method
was successful using medium-resolution spec-
troscopy for bright exoplanets in a wide orbit,
e.g. to characterize the system HR 8799 (see
Barman et al. (2015) for an overview). Plan-
ets in a close orbit around their host star are
presumed to be tidally locked. Hence, emis-
sion lines are not broadened by rotation of the
planet. These narrow lines can be detected with
high resolution spectroscopy, when accounting
for the Doppler shift due to the planets motion
around its host star.

Ground-based observations o↵er much higher
photon collecting areas compared to space based
instrumentation. Also, the available spectral
resolution can be extremely high, reaching up
to a spectra resolving power of R ⇠ 100, 000.

One of the main challenges in the data of
ground-based high resolution spectroscopy lies
in the correction of the telluric contamination.
These systematic e↵ects are caused by absorp-
tion and/or scattering of the light by Earths
atmosphere. These telluric features can be
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secondary
eclipse

primary 
eclipse

Figure 1.3: Transiting Exoplanet: the orbiting planet is shown at the beginning of the
primary eclipse when the planet crosses the disk of its host star. The light blue ring
indicates the planet’s atmosphere which is filtering a small fraction of the stellar light. The
secondary eclipse describes the phase of the orbit, where the planet is occulted by the star.
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very prominent in distinct wavelength regions
and require a very careful correction in order
to retrieve the stellar signal, or even plane-
tary emission and/or absorption lines. Snellen
et al. (2010) successfully applied high-resolu-
tion spectroscopy to detect absorption lines in
exoplanet atmospheres. They measured the
imprint of the exoplanet’s Doppler-shifted lines
in the stellar spectra through cross-correlation
techniques and detected CO in the atmosphere
of HD 209458 b. The technique was success-
fully repeated for other stars and molecules,
even for non-transiting planets (Brogi et al.,
2014). These observations were carried out
with the ground-based high resolution spectro-
graph CRIRES at the VLT. A direct detection
of planetary atmospheric lines allows the deter-
mination of the planetary radial velocity and
from this, the calculation of the true mass of
the planet.

1.4 Star-Planet Interaction

1.4.1 Stellar Activity

The term stellar activity comprises all phenom-
ena that are related to the dynamic magnetic
field of a star and is observable as sun spots,
activity cycles, chromospheric plagues, coronal
loops, emissions in various wavelength ranges
and other features. These phenomena observed
in stars with spectral types from late A to late
M, are linked directly to magnetic dynamo pro-
cesses in the interior of a star. The internal
structure of the star and the stellar (di↵eren-
tial) rotation are responsible for the strength
of the dynamo and the magnetic field configu-
rations of the star. For the sun, it is possible
to observe spatially resolved activity features,
such as Sunspots, flares or direct observation
of the corona. The magnetic activity of stars
however, can only be observed disk-integrated.
Activity of the chromosphere is usually mea-
sured from the Ca ii H&K line profiles, or the
H↵ line for late type stars. Coronal activity is
measured in X-rays. There are also approaches
to directly measure magnetic fields in stars or

Figure 1.4: Zoom-in of a UVES
spectrum of HD 149961 from the
UVES-pop atlas. The chromospheric
activity is visible as emission in the
line cores of the Ca ii H&K lines
(highlighted by the orange ovals).

to reconstruct spot patterns over time in order
to derive the dynamical behaviour of magnetic
fields in stars. In Fig. 1.4 the Ca ii H&K line
profiles of HD 149661, a K2V star, from the
UVES-pop Atlas2 are shown. The Ca emission
is visible in the line cores of the Ca ii H&K
(highlighted by the orange ovals).

1.4.2 Planet-induced Stellar Activity

Close binary stars show enhanced activity lev-
els compared to single stars of the same age
and type due to tidal interaction of the bodies
(Schrijver and Zwaan, 1991). The modulation
of activity level due to an accompanying body is
also expected to translate to stars with close-in
giant planets. Cuntz et al. (2000) were the first
to suggest two scenarios for star-planet inter-
actions (SPI): A periodic change of the stellar
activity levels could be caused due to tidal or
magnetic interactions between the planet and
its host star. Gravitational interaction of the
two bodies induces tidal bulges on the star that
can increase the turbulence in the photosphere
and amplify stellar activity in these regions.
Reconnection of planetary and stellar magnetic
field lines could increase stellar activity in the

2 http://www.eso.org/sci/observing/tools/
uvespop/field_stars_uptonow.html

http://www.eso.org/sci/observing/tools/uvespop/field_stars_uptonow.html
http://www.eso.org/sci/observing/tools/uvespop/field_stars_uptonow.html
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distinct region of the reconnection. Hence, sig-
natures of magnetic SPI would be an indirect
method to prove the magnetic field of an exo-
planet. Magnetic interaction is also known
from Jupiter and its moons, i.e. Jupiter and Io
are connected via magnetic flux tubes which
causes an active footpoint, visible in Jupiter’s
Aurora (Clarke et al., 2002).

There have been dedicated searches for SPI
signatures in stellar atmospheres in the chro-
mosphere, as well as in the corona. Attempts
to observe SPI-induced coronal activity with
X-ray measurements were carried out, e.g., by
Poppenhaeger et al. (2010) and Saar et al.
(2008). However, the detected activity signa-
tures could not be assigned unambiguously to a
planet-induced e↵ect. Shkolnik et al. (2003) ob-
served a sample of five hot Jupiter systems and
searched for chromospheric variability in the
Ca ii H&K line cores, including HD 179949
and �And. They reported the variability of the
Ca ii K line cores of HD 179949 to be in phase
with the orbital period of the planet. Also,
the Ca ii K line flux in �And was observed to
vary with the planet’s rotation period (Shkol-
nik et al., 2005). However, these findings could
not be observed in further observations.

In Poppenhaeger et al. (2011) we aimed
to measure the previously reported SPI sig-
natures in �And’s corona and chromosphere,
and conclude from our measurements that SPI
e↵ects might only be observable in certain time
intervals, depending on the magnetic configu-
ration of the system. Our observations showed
only variability in phase with the stellar ro-
tation period. A long-term observation of the
chromospheric activity of stars that are hosting
short-period planets would be very beneficial
for generating improved statistics on the be-
havior of stellar variability and planet induced
activity.

1.4.3 Planetary Emission Induced by
Stellar Activity

Atmospheric Evaporation

An exoplanet can undergo extreme irradiation
of its host star, if it is orbiting in a very close-in
orbit. The high level of stellar irradiation can-
not only inflate the planets atmosphere, but
close-in giant exoplanets can also undergo at-
mospheric evaporation. The star irradiates the
upper layers of the exoplanet’s atmosphere in-
tensely by X-ray and EUV- emission, which
leads to a loss of fractions of the atmosphere.
Atmospheric evaporation can be detected with
transit observations. One of the main char-
acteristics of atmospheric escape of EGPs are
escaping ions and atoms which extend the tran-
sit duration in certain wavelengths. Neutral
atomic hydrogen escaping from the atmosphere
was measured in Lyman-↵ in space-based ob-
servations with the Hubble Space Telescope for
HD 209458 b and HD 189733 b (Vidal-Madjar
et al., 2003; Lecavelier Des Etangs et al., 2010).
Both planets are hot Jupiter planets in very
short orbits around their host stars. Several
models have been derived in order to describe
evaporation rates of EGP’s (Lammer et al.,
2003, e.g.). In principle, a planet undergoing
atmospheric evaporation could have its whole
atmosphere stripped during the lifetime of it
host star on the main sequence. The remnant
core of a hot Jupiter planet that lost its whole
gaseous envelope would fall into the hypothet-
ical class of chtonian planets (Hébrard et al.,
2004).

Aurorae in the Solar System

An Aurora forms when energetic particles pre-
cipitate the upper atmosphere of a planet, while
streaming downwards along the magnetic field
lines of the planet. In the case of the gas giants
in the solar system, aurorae can be observed al-
most over the whole electromagnetic spectrum,
from radio- to the infrared, optical, ultravio-
let to X-ray emissions and have been studied
in great detail (see e.g. Maillard and Miller
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Figure 1.5: Image of Earths Aurora
borealis. Image credit: Anders Jilden
/ CC0.

(2011); Stallard et al. (2008b)).
The main formation process for aurorae

on Earth is the interaction of the solar wind
with the magnetosphere of the planet. On
Earth, aurorae have been detected in the visible,
as X-ray emission (Anderson, 1960) and radio
emission (Lovell et al., 1947).

The colors of the visible aurora on Earth re-
sult from the emission of photons from excited
oxygen (green, orange-red light) and nitrogen
molecules (red light), returning to their ground
state, as well as ionized nitrogen atoms, when
regaining an electron (blue light). On Earth
the northern aurora is called Aurora Bolearis
(see Fig. 1.5), whereas the southern aurora is
called Aurora Australis.

Aurorae in Exoplanets

The findings from the observations of the plan-
ets in the solar system serve as ‘prototypes’ for
the translation to models for atmospheres of
exoplanet. For example, energetic electrons,
which are precipitating downwards along high-
-latitude field lines on Jupiter, emit radio waves
at the local cyclotron frequency (e.g. Zarka,
2007).

Exoplanets are expected to do the same and
a radio quiet host star might allow the direct
detection of such an exoplanet in radio emission
(Grießmeier et al., 2011). Until now, there are

no radio detections of exoplanets reported in
the literature, current campaigns are ongoing
with the Low Band of the Low-Frequency Array
(LOFAR) (Turner et al., 2018).

In principle, the observation of a planet’s
aurora o↵ers insights on the atmospheric and
magnetospheric behavior of a planet. Because
the observations of exoplanet atmospheres are
currently at the instrumental frontiers of ob-
servability, favourable candidates for obser-
vational attempts for exoplanet aurorae are
mostly giant planets in close orbits that are
expected to undergo intense interactions with
their host stars.

However, the detection of Proxima Cen b
by Anglada-Escudé et al. (2016), a terrestrial
planet around the Sun’s closest neighbouring
star, brought up the suggestion by Luger et al.
(2017) to gain access to the atmospheres of
exoearths via their aurorae. Their candidate
emission line for the observation of an earth-like
aurora would be the O i line at 5777

�
A, which

is responsible for the green airglow in Earth’s
Aurora borealis, as well as Aurora australis.
Luger et al. (2017) discuss the observational
di�culties of di↵erent intensities of a possible
Proxima Cen b aurora and conclude that an
observation of the estimated auroral strength
of the O i emission would only be possible with
optimal conditions and optimal instrumenta-
tion on a 30m class telescope.

All giant gas planets of the solar system
show auroral activity through the emission
of H+

3 . The molecule emits its energy in a
few narrow lines in the infrared wavelength
regime around 4µm. It is expected, that H+

3
emission has an important role in the observa-
tion of exo-aurorae (Maillard and Miller, 2011),
since most planet-hosting stars are dim around
4µm and the planet-to-star contrast could be
in favour of the observation of the planetary
atmosphere through H+

3 .

1.5 The H+
3 Diagnostic

H+
3 forms the most fundamental, stable and

polyatomic molecule (Maillard and Miller, 2011).
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The molecular ion consists of three protons that
are bound by two electrons. Its symmetric equi-
lateral triangle shape prohibits a permanent
dipole moment and thus possesses no allowed
rotational modes that would be applicable for
microwave spectroscopy (radio astronomy). In
addition, UV- and optical spectroscopy can-
not be used for the analysis of the ion: the
stable electronic excited state is a triplet state
with linear geometry and the resulting elec-
tronic transition and thus the spectrum would
be very weak. However, the rotational-vibra-
tional modes of the molecule are observable
with infrared spectroscopy.

H+
3 was discovered and identified by Thom-

son (1913) using an early form of mass spec-
troscopy. The formation pathway

H2 +H+
2 ! H+

3 +H

was identified by Hogness and Lunn (1925)
and is an exothermic reaction by about 1.7 eV.
The initial detection of H+

3 in the laboratory
was made by Oka (1980), who identified 15
lines from the infrared active ⌫2 mode. A lot
more lines have been detected since then (e.g.
Majewski et al., 1994; Lindsay et al., 2001).
Today, the progress in computational power
enables theorists to reproduce these laboratory
spectra from first principles with high accuracy.

The formation process of H+
3 (e.g. in Jupiter’s

atmosphere) can be described through the fol-
lowing pathways: at first H+

2 is formed either by
precipitating energetic electrons or by extreme
ultraviolet radiation:

H2 + e� ! H+
2 + 2e�

H2 + h⌫ ! H+
2 + e�

Then, H+
3 is produced by:

H2 +H+
2 ! H+

3 +H.

The ion can be destroyed by the following
dissociative recombinations:

H+
3 + e� ! H+

2 +H+ e�

H+
3 + e� ! H+H+H.

1.5.1 Theoretical Spectra of H+
3

The working groups of Benjamin McCall at
the University of Illinois Astronomy Depart-
ment and the group of Takeshi Oka, The Oka
Ion factory, at the University of Chicago have
published the ’H+

3 Ressource Center’ website3,
which contains spectroscopic databases of H+

3 ,
links to the Royal Society Discussion Meet-
ings on H+

3 in the past, and provides an online
H+

3 intensity calculator4. The intensity cal-
culator makes use of the formulae from Neale
et al. (1996) and produces a line list for a given
frequency range. As an example, the theoret-
ical spectrum from the calculator is shown in
Fig. 1.6. The four graphs correspond with the
wavelength ranges of the four CRIRES detec-
tors used in our observations (see Sec. 3.2). The
calculator delivers the intensity of the lines in
the unit of equivalent widths of a certain H+

3
column density. As shown in the figures, H+

3
emits only in a few lines in the 4µm region, in
contrast to other molecules which produce a
dense forest of lines within a narrow wavelength
range (e.g. CO2).

1.5.2 H+
3 in the Interstellar Medium

Predictions for the existence of H+
3 in the in-

terstellar medium were already made in 1973
by Watson and Herbst and Klemperer, who
independently suggested detailed models of a
gas phase chemistry and proposed ion-molecule
reactions as a baseline reaction for interstel-
lar clouds. The first successful detection of
H+

3 -absorption was reported by Geballe and
Oka (1996). Previous attempts for the ob-
servation of H+

3 absorption in the interstellar
medium were not successful but the advances in
instrumentation during that time, as well as the
adaption of the observation strategies finally
led to this first detection of H+

3 in a number
of dense molecular clouds. The observed H+

3
column densities were in the expected range
of the chemical models. With the detection of
H+

3 in di↵use interstellar clouds (McCall et al.,

3 http://h3plus.uiuc.edu/
4 http://h3plus.uiuc.edu/criteval/calc.shtml

http://h3plus.uiuc.edu/
http://h3plus.uiuc.edu/criteval/calc.shtml


12 CHAPTER 1. INTRODUCTION

3945 3950 3955 3960 3965 3970
0.0

0.5

1.0

1.5

2.0

3945 3950 3955 3960 3965 3970
wavelength [nm]

0.0

0.5

1.0

1.5

2.0

EQ
W

 [(
m

A)
/(1

0^
14

 c
m
−2

)]

3975 3980 3985 3990 3995
0.0

0.5

1.0

1.5

2.0

3975 3980 3985 3990 3995
wavelength [nm]

0.0

0.5

1.0

1.5

2.0

EQ
W

 [(
m

A)
/(1

0^
14

 c
m
−2

)]

4000 4005 4010 4015 4020
0.0

0.5

1.0

1.5

2.0

4000 4005 4010 4015 4020
wavelength [nm]

0.0

0.5

1.0

1.5

2.0

EQ
W

 [(
m

A)
/(1

0^
14

 c
m
−2

)]

4025 4030 4035 4040 4045
0.0

0.5

1.0

1.5

2.0

4025 4030 4035 4040 4045
wavelength [nm]

0.0

0.5

1.0

1.5

2.0

EQ
W

 [(
m

A)
/(1

0^
14

 c
m
−2

)]

Figure 1.6: H3+ model spectrum calculated for the wavelength ranges that we observed
with CRIRES at the VLT. The intensities are calculated with the intensity line calculator
from the ‘H+

3 Ressource Center’ (http://h3plus.uiuc.edu/).
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1998), the existing models about the chemical
behavior of the ion in the interstellar space were
challenged, since the column densities of H+

3
derived from the observations were larger than
expected by the theoretical models. Interstel-
lar H+

3 has been measured only in absorption,
while emission of H+

3 has been only observed
within the atmospheres of the gas giant planets
of our solar system.

1.5.3 H+
3 in the solar system

The detection of H+
3 in Jupiter’s southern au-

roral zone was the first discovery of the ion in
space (Drossart et al., 1989). H+

3 was found in
data that was originally recorded for the con-
firmation of H2 emission in the auroral regions
of Jupiter in between 2 and 2.2µm. The detec-
tion of the 2⌫2(l = 2) overtone band of H+

3 in
the infrared spectrum led to more observations
using spectroscopy and spectral imaging. 42
lines of the fundamental ⌫2 band at 4µm were
detected by Maillard et al. (1990).

H+
3 is produced in the upper atmosphere of

Jupiter, where the concentration of methane
(CH4) is low. Thus, although the fundamental
H+

3 band is at the same wavelength range as
the strong ⌫3 band of CH4, the spectra around
4µm contain only H+

3 lines outlying from a
low continuum level. The production of H+

3
emission in the polar regions is induced by
high energy electrons which are accelerated
into the upper atmosphere along the magnetic
field lines. In the middle to lower latitudes of
Jupiter a fainter H+

3 signal can be measured.
Although the magnetospheric region includes
the orbit of Io, the origin of the ionization
sources for the mid-to-low latitude emission
is still being discussed (Maillard and Miller,
2011). Giles et al. (2016) report the detection
of previously unknown H+

3 emission lines in the
5µm window. These observations were carried
out with CRIRES at the VLT.

The Juno spacecraft (NASA) launched in
2011 and its mission is to measure Jupiter’s at-
mospheric composition, as well as its magnetic
and gravitational field, and to study the po-

Figure 1.7: Infrared view of the au-
rora over Jupiter’s south pole, taken
with the Juno spacecraft. Image
credit: NASA, JPL-Caltech, SwRI,
ASI, INAF, JIRAM

lar magnetosphere of the planet (Bolton et al.,
2017). In Fig. 1.7 a Juno infrared image of
Jupiter’s southern aurora is shown.

H+
3 has been used intensively as a tool to

study the atmospheric and magnetospheric in-
teraction of Jupiter (e.g. Miller et al., 1997;
Stallard et al., 2002; Giles et al., 2016). On
Jupiter, H+

3 cools the upper atmosphere by
infrared radiation into space. This e↵ect is
known as the ’H+

3 thermostat’ (Miller et al.,
2006). Even during intense auroral events the
H+

3 thermostat helps balancing the heating due
to particle precipitation (Melin et al., 2006).
Spectroscopy of H+

3 in the auroral zones was
used to determine the temperature in Jupiters
thermosphere. Several studies were carried out
and found temperatures around 1000K (e.g
Maillard et al., 1990; Stallard et al., 2002).

The detection of H+
3 in the atmosphere of

Jupiter triggered the search for the molecular
ion in the other giant planets of the solar sys-
tem. While a strong emission was found in
Uranus (Trafton et al., 1993), the auroral H+

3
emission detected for Saturn was quite weak
(Geballe et al., 1993). The measured column
density for Saturn was two orders of magnitude
lower than the column density of H+

3 at the
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south pole of Jupiter. Despite the weak sig-
nal, Stallard et al. (2008a) published the first
images of Saturn’s H+

3 emission taken with a
ground-based telescope.

1.5.4 H+
3 in Extrasolar Giant Planet

Atmospheres

Theoretical Emission Limits for H+
3 emis-

sion of EGPs

The atmospheres of hot Jupiters are expected
to be severely influenced by stellar EUV radia-
tion. As described in Sec. 1.4.3, the host star
could even cause the evaporation of the upper
layers of the atmosphere. On Jupiter, the H+

3
thermostat cools the upper atmosphere of the
planet by infrared radiation into space. This
e↵ect is also expected to exist in hot Jupiters
and could contribute to balance the heating of
the atmosphere caused by the host star (Yelle,
2004). There are a few results from di↵erent
models which aim to calculate the H+

3 excess of
an EGP atmosphere in a close orbit around its
host star. The resulting emission limits di↵er
in several orders of magnitude, depending on
the underlying assumptions of the parameters
as well as the complexity of the model:

The H+
3 emission limit for a planet similar

to ⌧Boo b was estimated by Miller et al. (2000)
to be on the order of ⇠ 1017 W. Yelle (2004)
used a one-dimensional atmosphere model for
a hot Jupiter and calculated a limit for H+

3
emission from the lower thermosphere of 1 ·
1016 W.

Koskinen et al. (2007) modeled H+
3 emis-

sion of EGP within orbital distances between
0.05AU and 1AU. In their work, they use a
coupled ionosphere-thermosphere model and
test di↵erent planetary configurations with and
without H+

3 cooling in order to measure the
thermospheric temperatures for these di↵er-
ent scenarios. Once H2 is thermally dissoci-
ated, the H+

3 thermostat is destroyed. For
EGP atmospheres that are in a very close or-
bit around their host star, this is the case:
They undergo thermal dissociation of H2, which
causes a breakdown of the thermostat. In con-

sequence, the heating to the host star increases
which accelerates the atmospheric evapora-
tion. From the modeling, they calculate the
total power output of H+

3 for a Jupiter-sized
planet in a 0.1AU orbit to be on the order
of 1015 W. They also estimated a single line
output flux of ⇠ 1012 W for the intensity of the
Q(3, 0)-transition.

Observational Attempts for H+
3 Detec-

tion in Hot Jupiter Atmospheres

The first report for a detection of H+
3 emission

from a planetary system outside our solar sys-
tem was by Brittain and Rettig (2002). They
observed the star HD 141569 A and reported
the detection of H+

3 emission from the proto-
planetary disk of the system and stated that
the origin of the emission might be a clump
of planet-forming gas. However, Goto et al.
(2005) could not confirm the reported detection,
while their measurements achieve comparable
data quality to those of Brittain and Rettig
(2002) and their calculated emission limits are
significantly lower than the signal strengths
reported by Brittain and Rettig (2002). The
largest observational campaign for H+

3 emis-
sion of EGP atmospheres was conducted by
Shkolnik et al. (2006). Their observations were
carried out with CSHELL at the 3m NASA
Infrared Telescope Facility (IRTF). CSHELL
is a high-resolution single order echelle spec-
trograph with a resolving power of R ⇠ 30, 000.
Shkolnik et al. (2006) collected data from six
close-in EPGs for their search for emission
of the Q(1, 0)-transition of H+

3 at 3953.0 nm.
They did not detect any emission and calculate
the upper emission limit strengths of around
1 · 1018 W from their data. The lowest limit is
reached for their observations of GJ 436 with
6.3 · 1017 W. Since this type of observations
is very expensive in terms of observation time
and requires a high-resolution infrared spectro-
graph, there was only one further attempt for
H+

3 emission observations from an extrasolar
planet: Laughlin et al. (2008) observed ⌧ Boo
with CSHELL and report no detection of H+

3
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emission from their measurements. They cal-
culate an emission limit of 9.0 · 1017 W from
their data.

None of these reported observational at-
tempts for H+

3 emission from hot Jupiter atmo-
spheres could detect any H+

3 emission signals.
The reported emission limits for the observa-
tions of hot Jupiters by Shkolnik et al. (2006)
and Laughlin et al. (2008) are one to three or-
ders of magnitudes larger than the theoretical
emission limits estimated by Miller et al. (2000)
and Yelle (2004).

1.6 Methods and Motivation

The observation of exoplanet atmospheres is
very challenging and at the frontier of exoplan-
etary science. Hot Jupiters are the current test
candidates for the study of exo-atmospheres,
because they have large radii and high equilib-
rium temperatures (Teq ⇠ 1000 � 3000K) and
therefore the star-planet contrast is favorable
for an observation of the planets atmospheres
with spectroscopic methods. Hot Jupiter plan-
ets are expected to be tidally locked: one side
of the planet is always facing towards the host
star. Hence, planetary atmospheric lines would
not be broadened due to the planet’s rota-
tion. These lines could be accessible with high
resolution spectroscopy. H+

3 is one of the can-
didate molecules for the detection of exo-at-
mospheres, since it is a prominent feature in
the infrared spectrum of Jupiter and also de-
tected in the other gas giants in the solar sys-
tem (see Sec. 1.4.3). It is therefore likely, that
hot Jupiter planets that orbit within a certain
range around their host star (close, but not too
close) show enhanced H+

3 emissions.
A few attempts to observe H+

3 of hot Jupiter
atmospheres have been carried out in the past,
but no detection has been reported and the
reported upper limits are well above the the-
oretical predictions. Since the expected emis-
sion lines of H+

3 are very narrow, sensitivity
increases proportional to the spectral resolu-
tion. Hence, CRIRES at the VLT with a re-
solving power of up to R ⇠ 100, 000 mounted

on a telescope with a very large collection area
(8m) seemed to be the perfect fit for further
attempts for the observation of H+

3 emission
from hot Jupiter atmospheres. High resolution
spectrographs exist only as ground-based in-
struments because this type of instrument is
simply too big to be sent into space. Unfor-
tunately, ground-based instruments have the
disadvantages of telluric contamination of the
spectra due to Earth’s atmosphere, especially
in the infrared. However, in principle very high
resolving power allows for the detection of indi-
vidual molecular lines and di↵erent techniques
for the removal of Earth’s atmosphere from
stellar spectra are available.

A direct measurement of H+
3 emission from

the atmosphere of an exoplanet would allow for
the direct investigation of atmospheric compo-
sition and conditions. A detection would also
allow to derive the temperatures in the ther-
mosphere of these hot Jupiters and to measure
ion densities. In addition, when an emission
feature is visible over a certain period of time,
it can be followed through the orbit and enable
a direct measurement of the planetary radial
velocity. In combination with the stellar radial
velocity such a measurement allows to directly
determine the model-independent stellar mass.

The data for this thesis were obtained in
two VLT observation periods. The first run
in the fall of 2010 had two di↵erent scien-
tific goals for the observations: besides the
observation of hot Jupiter planets around 4µm
searching for H+

3 emission features, we also
planned to observe HD 189733 b in order to
search for an unresolved bright emission feature
around 3.25µm, that was reported by Swain
et al. (2010). HD 189733 b is a transiting planet
and the emission feature found by Swain et al.
was identified by the authors as CH4 fluores-
cence emission from the planet’s atmosphere.
The reported intensity of the emission was very
high and we expected CRIRES to have su�-
cient sensitivity in this wavelength region in
order to unambiguously identify the feature, if
present in the atmosphere. In case of a detec-
tion, we planned to follow the emission during
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the orbit in order to measure the planetary
radial velocity. However, our observations were
obstructed severely by bad weather and only
a minimum of our planned observations could
be executed successfully.

Despite the bad weather, we were able to
obtain spectra from the transiting planet HD 209458 b
in the 4µm setting, which we analyzed for
possible H+

3 emission features (see Chapter 4).
Even from the very short observation time on
the target we were able to show the capabil-
ity of CRIRES for this kind of observation
(see Sec. 5.1.1). In the following, we success-
fully applied for a second observing run with
CRIRES. The targets for the second run were
the hot Jupiter systems HD 217107 and GJ 86,
which are both non-transiting systems. These
systems were chosen aiming for two di↵erent
scenarios: GJ 86 is very close to Earth, which
increases the overall signal and thus the de-
tection probability of a signal. HD 217107 is
very close to its host star with an orbital dis-
tance of 0.07 AU. Its proximity to the host star
could either increase the H+

3 emission due to
increased particle flux, or produce signs of the
onset of thermal dissociation (Koskinen et al.,
2007). A detection, in any of the star-planet
systems, would allow to further investigate the
thermospheric structure and atmospheric com-
position of the planet. This second observing
run with CRIRES was carried out in the fall
of 2012 and the data was obtained in service
mode with the observations stretched over a
couple of nights. More information about the
data used for this thesis is given in Sec. 3.2.

Structure of this Thesis

This work is structured in the following way:
Chapter 2 introduces the target planets for the
search for H+

3 emission and their host stars.
Chapter 3 introduces the CRIRES spectro-
graph and gives an overview on the observ-
ing runs and the data processing. Chapter 4
describes the analysis of the data from both
observation runs and the techniques that were
applied to derive the emission limits for the

H+
3 emission. Chapter 5 explains the derived

results from the analysis and the obtained H+
3

emission limits with the CRIRES spectrograph
are put into context to other available and fu-
ture instruments. Subsections 4.1.2 to 4.1.4
and 5.1 were published in Lenz et al. (2016).
This publication was written entirely by me,
minor editing was suggested by the co-authors
and the journal language editor.

Chapter 6 gives a summary on this work
and provides an outlook on the next steps with
regards to the challenges of the observation of
atmospheric emission of exoplanets.



Chapter 2

The Star-Planet Systems

2.1 HD 209458

HD 209458 is a sunlike star which hosts one
of the best studied exoplanets. The planet,
HD 209458 b is a hot Jupiter planet in a close
orbit of roughly 3.5days. It was discovered in
1999 with radial-velocity measurements and is
the first ever transiting planet that was de-
tected with transit photometry (Charbonneau
et al., 2000; Henry et al., 2000). Various atoms
and molecules have been identified in the spec-
tra of the planets atmosphere, such as features
of Na (sodium) (Charbonneau et al., 2002),
H2O (water) (Beaulieu et al., 2010), CO (car-
bon monoxide), CO2 (carbon dioxide) and CH4

(methane). Space-based observations of the
system with the Hubble Space telescope led to
the detection of escaping hydrogen from the
planets atmosphere (Vidal-Madjar et al., 2003).
There are quite a number of models that have
been developed for global circulation (Show-
man et al., 2008) as well as for separate atmo-
spheric layers, e.g. to analyze the upper atmo-
sphere of the planet and the atmospheric evapo-
ration (e.g. Bourrier and Lecavelier des Etangs,
2013). HD 209458 b is the only hot-Jupiter
from the 2010 observational run for which the
data quality was su�cient to analyze the spec-
tra for signs of H+

3 emission. The advantage of
a transiting planet for our analysis is the known
position of the planet in the orbit. Hence, the
radial velocity shift of the planet in the stellar
spectrum can be determined. Also, the tran-
sit of the planet allows to obtain spectra of
the system during secondary transit, where the

planet is not visible for the observer. Subtract-
ing these ‘star-only’ data from the data where a
signal from the planets atmosphere is expected,
could in principle allow the detection of faint
atmospheric signals of the planet. The system
parameters for HD 209458 and the hot-Jupiter
systems introduced in the following subsections
are summarized in Tab. 2.1.

2.2 GJ 86

GJ 86 is a binary system consisting of a primary
K-dwarf main sequence star (GJ 86 A), which
has a white dwarf binary companion (GJ 86 B)
at a separation of 21 AU. The primary com-
panion (GJ 86 A) hosts a hot-Jupiter planet,
GJ 86 b. The hot-Jupiter planet was discov-
ered in 2000 with radial velocity measurements
(Queloz et al., 2000) and is located close to its
host star with a period of 15.766 days. GJ 86
is very close to Earth, which increases the de-
tectability of possible planetary signals. Since
there was no detection of H+

3 in hot Jupiter at-
mospheres reported at the time we decided on
our observation targets (and still is no detec-
tion reported today), we aimed in our second
observation run (2012) for star-planet systems
that allowed for obtaining the best possible
signal-to-noise observations with CRIRES.

2.3 HD 217107

HD 217107 is a late-type main-sequence star
with the spectral type G8 IV. Hence, the star
has a comparable radius, mass and e↵ective
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Table 2.1: Parameters of the hot-Jupiter systems. N note, that only for the transiting
system, the mass of the planet is known. For the two radial velocity planets M sin i is given,
accounting for the unknown inclination angle i.

Object Spectral Type Distance MStar MP Msin i Porb

[pc] [M�] [MJup] [MJup] [d]
HD209458a G0 47.1 1.01 0.685 - 3.5247
HD 217107 b b G8 IV 19.72 1.02 - 1.33 7.12689
GJ 86 A b c K1V 10.9 0.77 4.00 15.76491

a Southworth (2010)
b Wittenmyer et al. (2007)
c Butler et al. (2006)

temperature as the Sun. Its orbiting hot-Jupiter
planet HD 217107 b was detected by radial ve-
locity measurements in 1999 (Fischer et al.,
1999) and has an orbital period of 7.126 days.
Vogt et al. (2005) reported the presence of an-
other companion in a wide orbit with a period
of > 8 yr. The orbital parameters of this sec-
ond planet ’c’ were characterized more precisely
in the following years (Wittenmyer et al., 2007;
Wright et al., 2009).

We chose this target in order to test the pos-
sible scenario that a close-in planet could have
enhanced H+

3 emission due to a increased par-
ticle flux from its host star. Another possible
scenario would be that the increased flux would
cause atmospheric evaporation and hence might
suppress the occurence of H+

3 emission.



Chapter 3

Observations

3.1 The CRIRES Spectrograph

CRIRES (Cryogenic High-Resolution IR Echelle
Spectrograph) at the Very Large Telescope
(VLT) is a near-infrared (NIR) echelle spec-
trograph with a resolving power of up to R =
100, 000 in a wavelength range between 1 �
5.3µm. A detailed description of the instru-
ment can be found in Kaeufl et al. (2004) and
on the ESO website for the CRIRES spectro-
graph1. Until the spectrograph was dismounted
from the telescope for a major update in 2014
(see Sec. 5.3.1), CRIRES was located on the
Nasmyth-A platform of UT1 (Antu).

Figure 3.1 shows the instrument vessel mount-
ed on the platform beside the telescope struc-
ture which can be seen in the background. The
pre-optics, consisting of the adaptive-optics
(AO) system, the field de-rotator and the cali-
bration unit, are not thermally controlled and
mounted on the optical table before the en-
trance window of the vacuum vessel. The cool
part of the instrument is maintained at 65K
for all optical parts besides the detector array,
which is cooled down to 27K.

The optical layout is shown in Fig. 3.2: the
light from the telescope is sent through the
de-rotator to counteract the field rotation in-
troduced by the light which is exiting the Al-
t-Az mounted telescope through the Nasmyth
focus. In the following, the light passes the AO
system and the entrance window of the vac-
uum vessel. The entrance window is a dichroic,
which separates the visible part of the light

1 http://www.eso.org/sci/facilities/
paranal/instruments/crires/

Figure 3.1: CRIRES on the Nas-
myth platform in front of the telescope
mounting structure of UT1. The vac-
uum vessel hosting the optical bench
and the detector array is on the right
side of the image. The framework of
the 8m telescope can be seen in the
background. Image credit: ESO

and sends it to the AO system control. The
infrared light is focussed onto the main slit,
which can be chosen for 0.200 or 0.400 projected
slit width, corresponding to nominal resolv-
ing powers of R = 100, 000 and R = 50, 000,
respectively. The light not passing the slit is
reflected and collected by the slit viewer. The
pre-disperser part of the spectrograph isolates
an echelle order using a ZnSe prism and in
the following an intermediate slit. The light is
then collimated before hitting the R2 echelle
grating (31.6 gr/mm). Finally, the spectrum is
imaged onto the detector array, formed by a
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mosaic of four Aladdin III InSb-arrays which
provides an e↵ective size of 4096x512 pixel in
the focal plane. The mosaic arrangement of
the detectors causes three gaps which have a
size of 280 pixels.

3.2 Observing Runs

Our data was obtained in two observing runs
with CRIRES at the VLT. For both runs the
spectra were taken in the L'window, with the
reference wavelength set to 4010 nm and a slit
width of 0.200 which translate to a resolving
power of R ⇡ 100, 000. The 4010 nm setting
covers seven H+

3 emission lines that were found
in strong emission in the southern aurora of
Jupiter (Maillard et al., 1990). An overview
of the wavelength coverage, line positions and
location on the detector array can be found in
Tab. 3.1.

The observations of HD 209458 were carried
out in October 2010 under ESO program ID
086.C-0045 in visitor mode. Unfortunately, this
observing run was severely hit by bad weather.
Thus, the observations yielded in only 16 spec-
tra of HD 209458 in the 4010 nm setting and
a total time on target of 2400 s. HD 209458 b
is a transiting planet and twelve of the spectra
were observed during secondary transit. The
remaining four spectra were observed after sec-
ondary eclipse and thus contain the light of the
planet. Each of these four spectra has a com-
bined integration time of 150 s, These spectra
are called combined-light spectra hereafter.

The second observing run was carried out
in service mode in October and November 2012
under ESO program ID 090.C-0244. Two tar-
gets were observed, namely GJ 86 and HD 217107.
Both objects were observed in two nights each.
The total integration time on target was 10800 s
for GJ 86 and 13500 s for HD 217107.

The signal-to-noise ratios of the spectra
after data reduction and telluric correction is
summarized in Tab. 3.2.

3.3 Preparation of the Raw Data

The data reduction described in this section
was performed by myself. Andreas Seifahrt
performed the telluric correction of the 2010
data, described in section 3.4.1 . The atmo-
spheric modeling described in section 3.4.2 with
the molecfit code was carried out by myself.

Data Reduction

The observed data was reduced using the ESO
instrument pipelines2 for CRIRES with esorex3

and gasgano4. The CRIRES pipeline recipes
used for the reduction were the most recent
versions at the time the data was obtained, for
the reduction of the 2010 data, version 2.1.1
was used and for the 2012 data version 2.3.2 was
used. The data reduction followed the standard
routines for echelle spectrographs, using the
associated calibration sets that were recorded
for each of the observing nights.

After correction against a master-dark frame,
a non-linearity correction was applied to all raw
frames. In the next step, the individual frames
were divided by a normalized flatfield. Since
no emission lamps for wavelength calibrations
are available in the 4µm range of CRIRES,
no wavelength solution was calculated during
the data reduction with the CRIRES pipeline
recipes. However, using the information on the
positions of telluric absorption lines a wave-
length calibration can be derived. Thus the
wavelength correction was performed during
the correction for atmospheric absorption fea-
tures (see Sec. 3.4). The observations were car-
ried out in a nodding pattern and the resulting
A and B frames were treated separately for
optimal extraction. The 2D-images were not
combined before the extraction, in order to
avoid a degradation of the resolution due to
the curvature of the slit.

2 http://www.eso.org/sci/software/pipelines/
3 http://www.eso.org/sci/software/cpl/esorex.html
4 https://www.eso.org/sci/software/gasgano.html
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Overview

Calibration system halogen lamp, IR-emitter, ThAr, N2O, CO, visitor gas cells
Adaptive optics 60-actuator curvature sensing MACAO system
Slit length ⇡ 40 00

Slit width From October 1st 2011 two fixed slit widths of 0.2 and 0.4 00

Echelle grating 40 � 20cm, 31.6 lines/mm, 63.5o blaze angle
Resolving power 100, 000 (0.2 00); 50, 000 (0.4 00 slit)
Wavelength range 0.95µm  �  5.2µm
Free spectral range from �/70 at 1µm to �/50 at 5µm
Detector science array 4096 � 512 pixels using 4 Aladdin III detectors
Pixel scale 0.086 00

Slit viewer: filters J, H, K, 2 H + neutral density
Slit viewer: detector Aladdin III array
Slit viewer: field-of-view ⇡ 35 00� 43 00

Slit viewer: pixel scale ⇡ 0.047 00

Pre-disperser ZnSe prism

Figure 3.2: Optical layout of the CRIRES spectrograph from Kaeufl et al. (2004)

Table 3.1: CRIRES wavelength coverage of the observed spectra, emission line positions
for H+

3 and intensities from the southern Aurorae of Jupiter as given in Maillard et al.
(1990).

Detector Detector Start Detector End Line Position Intensity (South. Aurora of Jupiter)
Number [nm] [nm] [nm] [ W

cm2sr ]
1 3947.3 3968.6 3953.0 42.8
2 3974.6 3995.1 3985.5 45.2

3987.0 23.5
3994.6 11.5

3 4000.6 4020.3 4012.0 19.3
4013.3 17.3

4 4025.4 4044.3 4043.2 10.2



22 CHAPTER 3. OBSERVATIONS

Table 3.2: Signal-to-noise rations of the mean observed spectra after data reduction and
telluric correction

Object Integration Time Signal-to-Noise
s Ratio

HD 209458 600 142
HD 217107
Night 1 (1st half) 5400 349
Night 1 (2nd half) 5400 305
Night 2 2700 446
GJ 86
Night 1 3600 543
Night2 7200 836

3.4 Telluric Absorption Correc-
tion

The L'window is heavily polluted with telluric
absorption lines, thus the spectra have to be
corrected for the telluric contamination.

In the classical approach for telluric cor-
rection of stellar spectra, a so-called telluric
standard star is observed in close succession
to the actual target. Usually, these are early
type stars with very few lines, observed with
similar airmass and close in time to the objects
observed for scientific purposes. Alternatively,
a G-type star is observed and corrected for the
stellar lines by high resolution spectra of the
Sun. Both methods have a couple of disadvan-
tages: first, they require additional observing
time, which is very expensive. Second, depend-
ing on the scientific targets, a telluric standard
star might not be available at close angular
range. And also, the atmospheric conditions
may change during observation, so that the
telluric spectra do not reproduce the condi-
tions at the beginning of the observation of the
scientific targets. Additionally, in the infrared
L (including L') and M windows, early-type
stars or G-stars may be too dim to be used
as telluric standards for a proper correction.
For these spectral regions non-stellar sources
like asteroids, if available, may be preferred
(Seifahrt et al., 2010).

An alternative approach is using synthetic

telluric spectra for the removal of telluric ab-
sorption lines. These spectra are generated
from radiative transfer codes for the atmo-
sphere of the Earth. As one of the first at-
tempts Bailey et al. (2007) used the SMART
(Spectral Mapping Atmospheric Radiative Trans-
fer) code from Meadows and Crisp (1996) and
demonstrated the possibility of correcting tel-
luric contamination with synthetic spectra of
the atmosphere of the Earth.

Seifahrt et al. (2010) applied the Line-By-
Line Radiative Transfer Model Code (LBLRTM)5

to CRIRES spectra and report an accuracy of
up to 2% for reproducing the observed spectra.
The LBLRTM Code was also used by Husser
and Ulbrich (2014), who applied the code to
broadband XSHOOTER spectra (Vernet et al.,
2011) and perform a full-spectrum fit in order
to apply model spectra to their science observa-
tions. Smette et al. (2015) developed molecfit,
a tool for the correction of telluric absorption
features using synthetic models for the com-
putation of the atmospheric transmission and
applicable to all kinds of astronomical spectra
in terms of wavelength range (from the optical
to the infrared regime) and spectral resolution.
Molecfit was developed in the Austrian ESO
In-Kind project SM-03. The molecfit package
is available via the ESO website and applica-
ble to all kinds of observed spectra in terms of
wavelength range and resolution.

5 http://rtweb.aer.com/lblrtm_description.html

http://rtweb.aer.com/lblrtm_description.html
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3.4.1 Telluric Correction for the Spec-
tra of HD 209458

The spectra of HD 209458, observed in 2010,
were corrected for the telluric absorption lines
using the LBLRTM code with the techniques
described in Seifahrt et al. (2010).

First, a synthetic telluric transmission spec-
trum is computed, using the LBLRTM code
for the radiative transfer calculations and an
archived Global Data Assimilation System (GDAS)
model atmosphere, that is selected to be as
close in time to the observation as possible.
The LBLRTM code makes use of the model
atmosphere, the altitude angle of the telescope
pointing and the height of the atmosphere
to calculate a line-by-line and layer-by-layer
transmission and radiance model. The result-
ing spectrum is refined by a �2-minimization
fitting routine regarding the total water va-
por amount and the column densities of the
molecules present in the spectral range. Also,
the instrumental profile is determined by the
�2 fitting. This is required for properly fit-
ting atmospheric lines, that are only partially
resolved. The �2-minimization fitting routine
also provides a calibration of the wavelength
grid. Since CRIRES has no internal calibration
source for L'-Band observations, we use the
atmospheric lines for the determination of the
wavelength solution.

Figure 3.3 shows an example spectrum (black)
of HD 209458 with its corresponding telluric
correction (green) for each of the four detectors.
The three panels from top to bottom show the
CRIRES spectrum and the synthetic absorp-
tion spectrum, the observed-corrected (O-C)
and the observed/corrected (O/C) residuals of
the fit. The spectra are corrected for telluric
absorption by dividing the observed spectrum
by its corresponding telluric model spectrum.

3.4.2 Correction of Telluric Spectral
Features with molecfit

For the data from the observation run in fall
2012, we use molecfit for the atmospheric
correction. molecfit is a tool provided by ESO

which was developed by a team of astronomers
from Innsbruck as an ESO In-Kind contribution
(Smette et al., 2015). The tool is capable of
fitting telluric spectral features in astronomical
spectra and deriving correction functions for
theses features. It was developed with the goal
to provide a telluric correction tool for ESO
spectrographs in the optical and near-infrared.

The molecfit tool uses LBLRTM as an
radiative transfer code and GDAS atmospheric
profiles as input. Two GDAS models are cho-
sen to bracket date and time of the observation.
The GDAS profile is then matched in time
and date to the observation using linear in-
terpolation. The interpolated GDAS model is
merged with a standard profile and local mete-
orological data and, together with a molecular
database, used as input for the radiative trans-
fer code. molecfit comprises an automatized
fitting routine for adjusting the wavelength
solution, the continuum spectrum, spectral res-
olution and column densities of the molecules
used for the radiative transfer code.

Each spectrum was fitted separately, after
excluding the intrinsic defects of the detectors
from the fitting region. A detailed description
for the fitting process of molecfit can be found
e.g. in Smette et al. (2015). The fitting pro-
cess with molecfit is performed in two steps.
First, molecfit is applied to the spectra for
fitting the molecular transmission and emission.
Second, calctrans is used for the correction
of the telluric absorption in the spectra. In
total, 360 spectra of GJ 86 and 450 spectra
of HD 217107 were fitted and corrected with
molecfit.

An example for the atmospheric correction
using molecfit is shown in Fig. 3.4. The graph
shows one of the GJ 86 spectra (black) with
its corresponding telluric spectrum (green). As
in Fig. 3.3 the lower panels show the O-C and
O/C residuals. For further analysis the ob-
served spectra are divide by their correspond-
ing telluric models.

Ase discussed in Lenz et al. (2016) we do
not expect systematic e↵ects from the telluric
modeling for the CRIRES spectra, besides the
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Figure 3.3: LBLRTM atmospheric modeling results for one spectrum of HD 209458
for all four CRIRES detectors. Upper panels: CRIRES spectrum (black) with its corre-
sponding telluric model spectrum (green). Lower panels: Observed-Computed (O-C) and
Observed/Computed (O/C) residuals. The O/C residual spectra were used in the analysis.
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Figure 3.4: GJ86: atmospheric modeling results for the correction of telluric absorption
with molecfit. The figure shows one of the GJ 86 spectra for all four CRIRES detectors.
Upper panels: CRIRES spectrum (black) with the corresponding telluric model spec-
trum (green). Lower panels: Observed-Computed (O-C) and Observed/Computed (O/C)
residuals. The O/C residual spectra were used in the analysis.
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Figure 3.5: HD217107: atmospheric modeling results for the correction of telluric
absorption with molecfit. For detailed description see Fig. 3.4
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1 � 3% flux from in-dispersion straylight for
absorption line cores for regions with fully sat-
urated telluric features (Lebzelter et al., 2012)
However, this e↵ect cannot be corrected for
pointlike sources like stars.

After reduction of the spectra, the con-
tinuum levels vary for the di↵erent detectors.
The reduction includes the standard flatfielding
routines for CRIRES provided by ESO and we
assume this trend in the continuum to origini-
ate from the reduction of the flatfields. For our
analysis, all detectors are analyzed separately
in order to account for the gaps in beetween the
detectors which contain spectral information
that cannot be recovered. For the telluric and
wavelength corrected spectra, we calculate the
topocentric velocities and correct our spectra
accordingly. This correction is derived from
the information on the location of the obser-
vatory, the stellar coordinates and the time of
observation.



28 CHAPTER 3. OBSERVATIONS



Chapter 4

Data Analysis

This chapter describes the analysis of the
observed star-planet systems HD209458, GJ 86
and HD217107, obtained 2010 and 2012 with
the CRIRES spectrograph at the VLT. Sub-
sections 4.1.2 to 4.1.4 are published in Astron-
omy&Astrophysics as ‘A CRIRES-search for
H+

3 emission from the hot Jupiter atmosphere
of HD 209458 b’ (Lenz et al., 2016) as Section
3., ‘Search for H+

3 emission’. I performed all
parts of the analysis of this data.

Section 4.2 describes the analysis of the
data of GJ 86 and HD217107, observed in 2012.

4.1 Analysis of the CRIRES
Spectra of HD 209458

4.1.1 Radial Velocities of HD 209458 b

As described in Sec. 3.2 only a small part of the
planned observing run in 2010 with CRIRES
could be realized due to unfavourable weather
conditions. However, we could successfully
obtain 16 spectra of HD 209458. Using the
ephemeris from Knutson et al. (2007) we de-
rive the radial velocity values for each of the
observed spectra. In Fig. 4.1 the radial velocity
curve of HD 209458 b is shown, the time span of
the observation is highlighted in purple. From
the transit duration measured by Beaulieu et al.
(2010) the end of the secondary eclipse is calcu-
lated. From the 16 observed spectra, 12 were
taken during secondary eclipse and four spec-
tra contain the combined light of the star and
its orbiting planet. The inset in Fig.4.1 shows
the separate observations with the vertical line

highlighting the end of the secondary eclipse.
The given error for the ephemeris by Knut-
son et al. (2007) has negligible influence on
the radial velocity results in comparison to the
uncertainties of the ephemeris itself: we tested
the slightly varying ephemeris values that were
published e.g. by Wittenmyer et al. (2005)
against the results using the ephemeris derived
by Knutson et al. (2007). Using the value from
Wittenmyer et al. (2005) changes the number
of spectra outside the secondary eclipse from
four to five. However, we choose using the more
recent ephemeris given by Knutson et al. (2007)
with its corresponding transit duration derived
by Beaulieu et al. (2010).

4.1.2 Direct Search

We start searching for H+
3 emission peaks in

each of the combined light spectra separately,
considering the radial velocity shift of the planet
with respect to its host star. We expect that
an emission peak would most probably occur
in all combined light spectra, since they were
observed within minutes of each other. Since
HD209458 b is tidally locked, emission lines
from its atmospheres would be very narrow.
In the direct search in all four combined light
spectra, we cannot detect any signatures of H+

3
emission lines.

4.1.3 Cross-correlation Approach

Our second approach to the search for emis-
sion features of the planetary atmosphere is
to cross-correlate the combined light spectra
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Figure 4.1: HD209458: radial ve-
locities (km/s) over time in days.
The time span of the observations is
marked by the purple shaded are in the
large plot. In the inset, the crosses in-
dicate the separate observations. The
vertical line highlights the end of the
secondary eclipse, calculated from the
ephemeris value from Knutson et al.
(2007) All spectra left of the vertical
line were recorded during secondary
eclipse. Hence, four spectra contain
the combined light of the star and its
orbiting planet.

pairwise. Emission lines of the planet would
show the di↵erential planetary radial velocity
in the cross-correlation. Thus, a detection in
a cross-correlation would be independent of
the accuracy of the knowledge of the H+

3 emis-
sion line positions. The detectors are treated
separately because of the gaps between the de-
tectors. Also, a ⇠ 0.06 nm chunk is cut from
both ends of each spectrum to avoid signals
from nonlinearity e↵ects at the edges of the
spectra. As a preparation for the cross-cor-
relation test, all spectra from detector No. 2
are prepared in the following way: The crack
and the right end of the detector is removed.
Strong spikes in all spectra are removed and
replaced by a median smoothed spectrum.

We apply the cross-correlation to the follow-
ing combin ations of spectra: First, we use the
telluric-corrected spectra for the cross-correla-
tion. In the second step, we subtract the host
star from the spectra, by computing a mean
spectrum of the 12 secondary eclipse spectra
and subtract the result from each combined
light spectrum before performing the cross-
correlations. In the third step, we subtract a
single secondary eclipse spectrum instead of
the mean eclipse spectrum. This single spec-
trum has a lower signal-to-noise ratio, but since
the timespan between the last observed sec-
ondary eclipse spectrum and the combined light
spectra is very short, parts of the atmospheric
distortions that have not been corrected by
the telluric modeling vanish with the subtrac-
tion. However, if the ephemeris is not precise
one might also subtract a viable signal from
the planet. We choose the secondary eclipse
spectrum that was observed directly before the
end of the secondary eclipse. As a consistency
check, we repeat this procedure using the spec-
trum that was observed second to last during
secondary eclipse.

A planetary signal in the spectra is ex-
pected to cause a signal in the cross-correlation
with the di↵erential planetary radial velocity
of the two spectra that are used as input spec-
tra in the cross-correlation. Since the spectra
were recorded in close succession shortly after
the secondary eclipse, the di↵erential planetary
radial velocity values are only up to 2 km s�1.
Also, the stellar and telluric lines, as well as de-
tector artifacts, cause a peak around 0 km s�1.

The cross-correlation results for the pure
spectra and the spectra with subtracted mean
eclipse spectra show various peaks over the
whole radial velocity range. The results for the
spectra with subtracted last eclipse spectrum
show a clear signal around 0 km s�1 as well as
the results for the consistency check for which
another eclipse spectrum is subtracted before
the cross-correlation is applied. We continue
the analysis with the spectra from which we
subtracted the last spectrum that was observed
during secondary eclipse.
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We fit the main peak of each cross-corre-
lation with a Gaussian and derive the radial
velocity from the maximum of the fit. We ex-
pect a planetary signal in the cross-correlation
to shift the Gaussian fit sideways. The fit-
ted velocity would thus lie between 0 km s�1

and the di↵erential radial velocity in case of a
detection. In Fig. 4.2 the results of the cross-
correlation are presented for all four detectors.
The x-axis gives the number of spectra used
for the cross-correlations (e.g., 1x2 means the
cross-correlation of the 1st and 2nd observed
combined light spectra). The squares show
the di↵erential planetary radial velocities of
the pair of spectra and the crosses give the
fitted radial velocity values from the cross-cor-
relations. In case of a detection of planetary
emission, we expect the radial velocity values
of the fit (squares) to follow the pattern of
the di↵erential radial velocity values (crosses)
in the plot. We expect a planetary signal to
occur in all observed spectra, since they were
recorded in close succession.

We cannot find cross-correlation signals
that follow the expected pattern of the plan-
etary radial velocity. Fitting the cross-corre-
lation results give signals that scatter around
0 km s�1. The same result follows for the con-
sistency test in which another secondary eclipse
spectrum is subtracted from the combined light
spectra. We also check all cross-correlation re-
sults by eye for peaks and do not detect any
signal that indicates planetary emission.

4.1.4 Search for Emission with Shift
and Add

The known ephemeris also enables us to use a
shift and add approach to search for H+

3 emis-
sion: all observed combined light spectra are
shifted in wavelength with respect to their ap-
parent radial velocity of the planet at the time
of observation. Afterwards, the flux is summed
up binwise. With this technique the stellar
lines and residuals from the telluric correction
get blurred and a planetary emission line that
is hidden in the stellar flux would emerge in the

summation of the shifted spectra, given that
the ephemeris and consequent radial velocity
values are correct.

The resulting shift and add frame is shown
in Fig. 4.3. The H+

3 emission line positions from
Maillard et al. (1990) are highlighted by the
dashed lines. Insu�cient correction of telluric
lines by the modeling and the application of the
shift and add technique cause artificial, broad
absorption lines in the resulting frames. Since
we do not apply any correction for the crack
on detector No. 2 for this part of the analysis,
the crack is still visible as a large peak around
3991 nm in the resulting spectrum. In the
results from the shift and add procedure, we
cannot detect any signs of emission peaks at
the expected H+

3 emission line positions.
As a last test for the shift and add results,

we create an artificial spectrum; this articifial
spectrum contains only Gaussians at the po-
sitions of the H+

3 line positions from Maillard
et al. (1990) and a line width calculated from
the thermal width of 0.052 nm folded with the
instrumental profile and line strengths of 3�,
which we measure in the resulting shift and
add frame at the position of the emission line
at 3953.0 nm. We perform a cross-correlation
of this artificial spectrum with the resulting
shift and add frame as a final test for hidden
planetary emission signals for each detector
separately. The cross-correlations do not show
a significant peak.

We also search the spectra for a drop of
the total flux during secondary eclipse, but
cannot identify any variances in the integrated
flux that would indicate the end of the sec-
ondary eclipse. Variations of the flux due to
atmospheric distortions are too large to allow
for the measurement of the ⇠ 0.1% secondary
eclipse depth (Diamond-Lowe et al., 2014).
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Figure 4.2: Cross-correlation results. Upper to lower panels show the four CRIRES
detectors. The spectrum that was observed last during secondary eclipse is subtracted from
each combined light spectrum. The resulting spectra are cross-correlated and the main
peak is fitted with a Gaussian. We derive the radial velocity value from the maximum of
the fit and expect a planetary signal to shift the Gaussian fit sideways, producing a signal
between 0 km s�1 and the di↵erential radial velocity in case of a detection. The squares
indicate the calculated di↵erential radial velocity values from the time of observation and
ephemeris and the crosses show the measured radial velocity from the cross-correlation.
The error bars lie within the symbol size. Image credit: Lenz, A&A, 589, A99, 2016,
reproduced with permission ©ESO
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Figure 4.3: Spectra of HD209458, a zoom-in for all four detectors is shown. All observed
combined light spectra, were shifted to their apparent radial velocity at the time of
observation and then added up binwise. The dashed lines indicate the positions where the
H+

3 emission lines are expected. Image credit: Lenz, A&A, 589, A99, 2016, reproduced
with permission ©ESO



34 CHAPTER 4. DATA ANALYSIS

4.2 Analysis of the spectra of
HD 217107 and GJ 86 for
H+

3 Emission Features

4.2.1 Radial-velocity Detected Plan-
ets and Possible Inclination Val-
ues

The hot Jupiter planets HD 217107 b and
GJ 86 b are both non-transiting. Hence, for
both planets the inclination angle i is unknown.
The orbital plane of a star-planet system typi-
cally will be inclined to the observer, thus the
radial velocity values that can be measured and
all parameters derived from the radial veloci-
ties are modulated by the inclination angle i.
A small inclination i leads to a smaller radial
velocity value, than a larger inclination value.
As shown by Fischer et al. (2014), the proba-
bility for i being in a range between i1 < i < i2
is

Pinc = | cos i2 � cos i1|. (4.1)

From this equation, the probability for the
inclination i to be in the range between 30 and
90 degrees is calculated to be 87%.

In order to get an estimate on the planetary
radial velocity at the time of our observations,
we calculate the radial velocity curves for a
set of di↵erent inclination values. Figure 4.4
and Fig. 4.5 show the planetary radial velocity
curves for a range of 30  i  90 degrees in
10 degree steps for the planets HD 217107 b
and GJ 86 b, respectively. The smaller the
inclination i, the smaller the radial velocity
amplitude. The curve with the largest ampli-
tude is calculated with i = 90 degrees, which
would be a transiting system. It is added nev-
ertheless, in order to illustrate that for larger
i the relative RV amplitude changes less as a
function of i, compared to small inclinations.
The curves start with the planet in front of the
star, ‘mid-transit’, if i was 90 degrees. For both
star-planet systems the x-axis is extended to
show a bit more than one orbit of the planet.
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Figure 4.4: HD 217107: ra-
dial velocity of planet b for i =
{30; 40; 50; 60; 70; 89; 90} degrees. The
vertical bars indicate the time of the
observations translated to the phase in
the orbit (grey) and the corresponding
errors (light pink).

The grey columns in Fig. 4.4 and Fig. 4.5
illustrate the time of observation, translated
into the observation phase and the light pink
areas highlight the uncertainties on the phase
points of the observations, following from the
uncertainties of the periods and ephemeris. The
system parameters for the calculation of the
radial velocity curves are listed in Table 4.1.

Both star-planet systems were observed in
two nights, thus Figures 4.4 and 4.5, show two
phases (grey area) where observations were car-
ried out. For HD 217107 (Fig. 4.4) the first
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Figure 4.5: Radial velocity curves
for GJ 86 b, see caption of Fig. 4.4 for
a detailed description.
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Table 4.1: Parameters for the Calculation of the Planetary Radial Velocities

HD 217107 b a GJ 86 A b b

Msin i [MJup] 1.33(±0.05) 4.00(±0.137)
Porb [d] 7.12689 (±5e � 05) 15.76491(±0.00039)
a [AU] 0.073 (±0.001) 0.1142(±0.0019)
eccentricity 0.132(±0.005) 0.0416(±0.0072)
! [degree] 22.7(±2.0) 269(±16)
Tperi [JD] 2449998.50(±0.04) 2451903.36(±0.46)
Mstar [MSun] 1.02 0.796(+0.025/ � 0.012) c

a Wittenmyer et al. (2007)
b Butler et al. (2006)
c Takeda et al. (2007)

of the observing nights (in absolute time, not
folded onto phase) falls onto the end of the or-
bit which translates into an absolute planetary
radial velocity range of ⇠ 10 km/s. Night 2
falls onto a phase with a large range of possible
radial velocity values of 45� 95 km/s, depend-
ing on the actual inclination. Both observation
nights of GJ 86 fall onto a large range of pos-
sible radial velocity values of ⇠ 30 � 75 km/s
depending on the inclination.

4.2.2 Intranight Radial Velocities Shifts
of the Planets Versus H+

3 Line
Width

Before summarizing the observed spectra into
nightly mean spectra in order to search for
(possibly weak) H+

3 signals, the intranight plan-
etary radial velocity shift has to be compared
to the estimated line width. We calculate the
full width at half maximum (FWHM) of a H+

3
line (e.g. the emission line at 3953.0 nm) from
the thermal width of the line folded with the
instrumental profile of the CRIRES spectra,
derived from the measurement of the telluric
lines, to be 5.7 km/s. We use a formation tem-
perature of 1000K as a rough estimate for the
temperature in the lower thermosphere of a hot
Jupiter planet.

For each observation night we then calcu-
late the planetary radial velocity shift between
the first and the last spectrum observed. We
show this planetary intranight radial velocity
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Figure 4.6: HD 217107 b: maximum
of the intranight radial velocity shift
over inclination for night 1.

shift over inclination in Fig. 4.6 and Fig. 4.7:

The first night of observations falls onto
a phase with large di↵erential radial velocity
shifts. The maximum di↵erence in radial veloc-
ity to the first observed spectrum of that night
is 5 � 10 km/s depending on the inclination.
The second observation night, in contrast, has
a maximal intranight rv shift of only 0.3 km/s.
The intranight shift in night 1 could be up to
almost two times the estimated H+

3 line width
if HD 217107 b was highly inclined. Summariz-
ing the spectra into a mean spectrum, in order
to enhance possibly weak emission lines could
therefore lead to broad emission bulges instead
of a narrow line. The latter would be preferred
for better detectability. Hence, we split the
observed night into two parts and calculate a
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Figure 4.7: HD 217107 b: maximum
of the intranight radial velocity shift
over inclination for night 2.
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Figure 4.8: GJ 86 b: maximum in-
tranight radial velocity shift over in-
clination for night 1.

mean spectrum for each half night for further
analysis. These two half nights then both have
maximum intranight radial velocity shifts of
up to 5.3 km/s, depending on the inclination.

For GJ 86 b, the planetary radial velocity
within both observating nights is at maximum
2 km/s, which is less than the estimate for
the H+

3 line width (see Fig. 4.8 and Fig. 4.9).
Thus, the spectra from both nights can be
summarized into one nightly mean spectrum
for each night for the search for H+

3 emission.

4.2.3 Residual Telluric Features

The correction of telluric features with molec-

fit is only precise to a certain level: Some line-
cores are not fully represented by the model.
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Figure 4.9: GJ 86 b: maximum in-
tranight radial velocity shift over in-
clination for night 2.

If there were larger residual telluric lines in
the corrected spectra, these could cause un-
wanted signals during cross-correlation analysis.
Figures 4.10 and 4.11 show a comprehensive
overview for the observed star-planet systems
HD 217107 and GJ 86: the panels show the
four CRIRES detectors and the following spec-
tra in each panel from top to bottom: the mean
telluric model (blue), one single observed spec-
trum before any corrections for cosmics or bad
pixels (green), the mean spectrum after telluric
correction from one observing night (black) and
a single spectrum with telluric correction ap-
plied (red). The flux is normalized to 1 for all
spectra and then shifted up an downwards for
better visibility of the di↵erent spectra. The
mean corrected spectrum in black shows very
small residual variations that can be assigned
to non-perfect fitting of telluric line cores in
the individual spectra. Also, as mentioned at
the end of Chapter 3, CRIRES spectra taken in
regions with fully saturated telluric absorption
lines su↵er from 1-3% in-dispersion straylight,
which we cannot correct for.

The remaining absorption lines in the mean
spectra are stellar lines. Note, that detector
No. 2 of CRIRES has a crack in the right part
of the detector that is visible around 3991.0 nm
in our obtained spectra. This part of the spec-
trum has to be treated with caution in further
analysis, e.g. it has to be masked out in order
to perform a cross correlation analysis.
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Figure 4.10: HD 217107: Overview of the telluric correction results. Top to bottom
are all four CRIRES detectors. Mean telluric model (blue), one single observed spectrum
(green), the mean spectrum after telluric correction (black), a single spectrum after telluric
correction (red). All spectra were shifted to the same topocentric velocity frame and shifted
on the y-axis for better visibility.
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Figure 4.11: Same as Fig. 4.10 , but for GJ 86
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4.2.4 Direct Search for H+
3 in the Spec-

tra of HD 217107 and GJ 86

From the analysis of the possible planetary
radial velocities of our data (see Sec. 4.2.1)
we derived the constraints on the possible line
positions of H+

3 emission. Due to the unknown
inclination of the non-transiting systems it is
not possible to calculate the precise positions
of the shifted lines but only a region, where the
lines would occur if H+

3 emission is detected.

For the computation of the nightly mean
spectra, we made sure that the intranight shift
in all mean spectra is at maximum as high as
the H+

3 line width estimation (see Sec. 4.2.2).
In consequence, the first observing night of
HD 2171707 is split into two parts and we
compute one nightly mean spectrum for the
first half night and another for the second half.
Since both planetary systems are assumed to be
tidally locked we can expect emission lines to
occur as narrow lines and not to be broadened
by planetary rotation.

We chose to search for the five emission
lines with the highest intensity in the theo-
retical emission spectrum (see Fig. 1.6) and
the emission measurements in Jupiter’s aurora
from Maillard et al. (1990). These are the line
at 3953.0 nm (Q{1,0}) on detector No. 1 and
the lines at 3985.0 nm (Q{3,0}) and 3987.0 nm
(Q{3,1}) on detector No. 2, as well as the lines
at 4012.0 nm (Q{4,1}) and 4013.0 nm (Q{4,2})
on detector No. 3. Figure 4.12 shows the com-
bined spectra of the first half night of obser-
vations for HD 217107 for the detectors No. 1,
No. 2 and No. 3, from top to bottom. On de-
tector No. 4 the expected line positions do not
fall onto the wavelength range of the detector.
The combined spectrum is shown in black as a
normalized spectrum, the red marker indicates
the estimated FWHM of the H+

3 line and is lo-
cated at the rest wavelength at 3953.0 nm. The
blue marker shows the shift range where the
line could emerge due to the planetary radial
velocity.

The same is shown in Fig. 4.13 for the sec-
ond half of observing night 1 and for night 2
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Figure 4.12: Top to bottom:
CRIRES detector No. 1, No. 2 and
No. 3. The panels show the mean spec-
trum of HD 217107 (black), computed
from the first half night of observa-
tions from night 1 (night 1a). The
estimate of the FWHM for the H+

3
emission lines is shown in red at the
rest wavelength positions. The range
of the line shift due to the planetary
radial velocity is represented by the
blue markers.
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in Fig. 4.14.
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Figure 4.13: HD 217107: same as
Fig. 4.12 but for the second half night
of observations (night 1b).

Figures 4.15 and 4.16 show the same as
Fig. 4.12 but for the observations of GJ 86.
For Fig. 4.16, the x-axis was shifted 1 nm to-
wards smaller wavelengths compared to the
other plots, since the expected line shift is quite
extreme towards smaller wavelenghts for this
observation. As for HD 217107, detector No. 4
is not used for the analysis, since the expected
line positions do not fall onto the wavelength
range of the detector. The signal-to-noise ratios

of the observations are listed in Tab. 3.2.
We cannot detect signs of H+

3 emission in
the spectra of both objects in those regions
where the H+

3 lines would be expected due to
the planetary radial velocity shift.
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Figure 4.14: HD 217107: same as
Fig. 4.12 but for observing night 2.
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Figure 4.15: Same as Fig. 4.12 but
for GJ 86, observing night 1.
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Figure 4.16: GJ 86: same as
Fig. 4.12 but for GJ 86, observing
night 2. Note, that the x-axis is
shifted 1 nm towards smaller wave-
lengths, compared to the other figures
for better visibility of the wavelength
regime where H+

3 emission lines are be
expected due to the rv shift.
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4.2.5 A Cross-Correlation Approach
for the Search for H+

3 Emission

Similar to Sec. 4.1.3, we use a cross-correla-
tion approach to search for H+

3 emission lines
from the hot Jupiter planets in the spectra. In
principle, the application of cross-correlation
techniques for the search for planetary atmo-
spheric emission could detect emission lines
which are buried in the noise of the spectra.
Since a cross-correlation function would com-
bine all planetary lines from within a spectrum
in one function, the detection rate increases
with the number of planetary lines. Thus, a
large number of lines (e.g. in a molecular band)
is a benefit for a cross-correlation search for
planetary lines. When cross-correlating two
observed spectra with each other, planetary
emission would result in the di↵erential plane-
tary radial velocity signal. Since HD 217107 b
and GJ 86 b are non-transiting, the di↵erential
radial velocity values cannot be precisely com-
puted. Depending on the time of observation a
range of possible radial velocity values has to
be considered, due to the unknown inclination.
However, other possibly emerging radial veloc-
ities in the cross-correlation function would be
caused by stellar and/or telluric lines and dif-
fer from the expected planetary radial velocity
range.

Cross-Correlation of the Star-Planet Spec-
tra

We apply the cross-correlation technique to the
mean spectrum of each observing night. As
described in Sec. 4.2.2, we separate the spectra
of HD 217107 into two mean spectra, one for
the first half of night 1 and one for the second
half of night 1.

The detectors are treated separately be-
cause of the gaps between the detectors. As
input spectra for the cross correlations, we use
the nightly mean spectra and choose to use
the spectra in a range of 6 nm around the rest
position of the H+

3 lines that show a high in-
tensity in the theoretical emission spectrum.
We choose not to use larger portions of the

spectra, since H+
3 emits only in a few lines and

using a wider wavelength range as input for the
cross-correlation increases the noise due to the
remaining telluric residuals and stellar lines in
the spectra.

From our calculations of the planetary ra-
dial velocity range in dependence of the in-
clination i, we made sure that the emission
lines could not be shifted outwards of our cho-
sen chunk-size. Again, we do not use detector
No. 4 in our cross-correlation analysis, since
the H+

3 emission lines lie at the red edge of
the spectrum. For our measurements, these
lines could be shifted outside the wavelength
range of this setting for the majority of possible
inclination values due to the planets radial ve-
locity. Thus we use the detectors No. 1-3 for the
cross-correlation analysis. In all of these spec-
tra, strong spikes are removed by a smoothed
median spectrum.

We then perform a cross-correlation for
each detector, using the nightly mean spec-
tra of the observing nights. For the spectra of
the first night of observations of HD 217107, we
perform the cross-correlations with the spec-
tra computed for each half night (here named
night 1a and night 1b for the first and second
half of the night, respectively) together with
the second night of observations.

Figures 4.17 and 4.20 show the input spec-
tra that are used for the cross-correlations. The
results from the computations are shown in
Fig. 4.18 and Fig. 4.21.

We would expect a signal of the planetary
atmosphere in each of the detectors, showing
the di↵erential planetary radial velocity. The
range of the possible di↵erential planetary ra-
dial velocity values is corresponding to the the
x-axis of the plots. An overview on the cross
correlation result is given in the insets, with
the red boxes corresponding to the curves of
the larger plots.

The total integration time di↵ers for both
objects in both observation nights, which has
an impact on the data quality of the mean
spectra per observing night. This can be seen
directly in the signal-to-noise ratios computed
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Figure 4.17: HD 217107: Input spec-
tra for the cross-correlation results
which are shown in Fig. 4.18. Detec-
tors No. 1-3 are shown from top to bot-
tom. The normalized mean spectrum
for night 1a is shown in black, the nor-
malized mean spectrum for night 2 in
red. The shift of the spectra due to
the correction for the topocentric ve-
locity is visible in the line cores of the
absorption lines.

from the nightly mean spectra (see Tab. 3.2).

Stellar lines in the spectra are shifted by
the topocentric correction which leads to the
cross-correlation signal close to 0 km/s and the
symmetrical structures left and right of the
main peak. The mean topocentric velocities
for HD 217107 and GJ 86 for the observations
are given in Table 4.2. This shift corresponding
to the di↵erence in the topocentric velocities
is clearly visible in the line cores of the stellar
absorption lines in the spectra, see Fig. 4.17
and Fig. 4.20.

Table 4.2: Mean topocentric veloc-
ities for the nightly mean spectra of
HD 27107 and GJ 86

Object v
[km/s]

HD 217107
Night 1a (1st half) �27.21 km/s f
Night 1b (2nd half) �27.35 km/s
Night 2 �27.69 km/s
GJ 86
Night 1 �2.85 km/s
Night2 �11.98 km/s

The cross-correlation results for HD 217107
are shown in Fig. 4.18 and in Fig. 4.19. For
both plots, night 2 of observations is cross-cor-
related against night 1a and night 1b, respec-
tively. The plot range on the x-axis of each
of the plots is chosen in a way that the the
radial-velocity range is shown where the sig-
nal from the planet is expected. This range
is corresponding to the red box in the inset,
which gives an overview on the cross-correla-
tion result. Both figures look very much alike
for each of the detectors. The same is shown for
GJ 86 in Fig. 4.21, the di↵erence in topocentric
velocity is larger for two observation nights of
GJ 86, hence the signal from the stellar lines
is visible around 9 km/s in the insets of the
cross-correlation results for all three detectors.
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Figure 4.18: Cross-correlation re-
sults for HD 217107, using night 1a
and night 2 as input. Detectors No.
1-3 are shown. The plot shows the ra-
dial-velocity range where the planetary
signal would occur. This curve is cor-
responding to the red box in the inset
image, which gives an overview on the
cross-correlation result. Atmospheric
emission of H+

3 would be expected to
cause signals in each of the Detectors
at the same planetary radial velocity.
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Figure 4.19: Cross-correlation re-
sults for HD 217107. Using night 1b
with night 2 as input, detectors No.
1-3 are shown. For detailed descrip-
tion, see Fig. 4.18.
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Figure 4.20: Input spectra from
GJ 86 for the cross-correlation in
Fig. 4.21. For a detailed description,
see Fig. 4.17.
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Figure 4.21: Same as Fig. 4.18 but
for GJ 86.
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Chapter 5

Results

This chapter introduces the results derived
from the analysis of the data in the previous
chapter and puts them into context to the the-
oretical models and previous measurements of
H+

3 emission limits.

Section 5.1 is published in Astronomy &
Astrophysics : ‘A CRIRES-search for H+

3 emis-
sion from the hot Jupiter atmosphere of
HD209458 b’ (Lenz et al., 2016) as the results
section of the paper. This publication was writ-
ten entirely by me, including the interpretation
of the results from the data analysis, which was
supported by discussions with the co-authors.
For reasons of structuring this thesis and the
flow of reading, the last sentence of Section 5.1
was removed.

5.1 Results for HD 209458

Our search for planetary emission signatures
of H+

3 in our observed spectra of HD 209458
was not successful. The direct search for the
strongest emission lines detected in the aurora
of Jupiter by Maillard et al. (1990) shows no
emission peaks at the expected line positions.
A drawback of this method is that the spec-
tra have to be treated separately, which limits
the possible signal-to-noise ratio that could be
achieved by combining the observed spectra.
Cross-correlating the spectra, after subtracting
the last observed eclipse spectrum, gives signals
that scatter around 0 kms�1. This method is
independent of the knowledge of the precise
position of the H+

3 lines. A rough estimation of
the di↵erential planetary radial velocity would

be su�cient to search for the radial velocity
shift that would occur in case of a detection.
There are weaker H+

3 lines measured in the au-
rora of Jupiter around the strong lines we chose
to search for with our direct search (Maillard
et al., 1990). These weaker lines could help to
detect a planetary signal with the cross-corre-
lation method. The shift and add results show
no emission features at the expected line posi-
tions. The method could retrieve a signal that
was hidden in the stellar signal, since shifting
the spectra with respect to the planetary ra-
dial velocity blurs the stellar lines. However,
it requires the knowledge of the planetary ra-
dial velocity and ephemeris to shift the spectra
precisely to the planetary radial velocity.

5.1.1 Emission limits from the Shift
and Add Results

Maillard et al. (1990) find the H+
3 emission line

at 3985.5 nm, the Q(3, 0)-transition, to be the
strongest in their measurements for the au-
roral zones of Jupiter. Shkolnik et al. (2006)
use a di↵erent emission line for their search
for auroral H+

3 emission, the Q(1, 0)-transition
at 3953.0 nm. We use our shift and add re-
sults to estimate an upper emission limit for
planetary H+

3 emission from our observations
of HD209458 (Fig.4.3) for both H+

3 transitions.
For the following emission limit calculations, we
assume that all planetary H+

3 energy is stored
in one emission line, following the approach of
Shkolnik et al. (2006).

We measure the standard deviation at the
positions of the H+

3 emission lines at 3985.5 nm
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and 3953.0 nm in the resulting shift and add
spectrum (See Tab. 5.1). To estimate the full
width at half maximum (FWHM) for the emis-
sion lines, we calculate the Doppler broadening
of the lines assuming a temperature of 1000 K
as a rough estimate for the temperature in the
lower thermosphere. H+

3 is in strong emission
in this temperature range (Miller et al., 2000).
We account for the instrumental profile, derived
from the measurement of the FWHM of the
telluric lines and calculate resulting line widths

of FWHM = 0.76
�
A for the line at 3953.0 nm

and FWHM = 0.69
�
A for 3985.5 nm.

To estimate the power output of HD 209458
in the L'window, we convert the K magni-
tude, taken from the 2MASS catalog (Cutri
et al., 2003) to the L' magnitude using the
intrinsic colors from Bessell and Brett (1988).
We calculate a L' magnitude of 6.258. With
the L' magnitude, the bandwidth (0.65µm)
and flux density for Vega of the L' band of
5.267 · 10�11 Wm�2µm�1 from Cox (2000), we
derive an L' band flux for HD 209458 of 1.07 ·
10�13 Wm�2. Using the distance of d = 47.1 pc
(see Tab. 2.1), we derive the total L' luminosity
of the star to be 2.85 · 1024 W. This is in good
agreement with the bolometric luminosity of
HD 209458 by Cody and Sasselov (2002) of
6.1 · 1026 W. For the calculation of the detec-
tion limit of our measurements, we assume that
a Gaussian of 3� peak height could be detected
and derive the detection limit from the frac-
tion of the total L' luminosity in the estimated
H+

3 equivalent width. We calculate detection
limits of 5.34 · 1018 W for the emission line at
3985.5 nm and 8.32 · 1018 W at 3953.0 nm.

We compare our results to the theoretical
H+

3 limits derived by Miller et al. (2000), Yelle
(2004), and Koskinen et al. (2007). Miller et al.
(2000) used the Jovian ionosphere model (JIM)
by Achilleos et al. (1998) and placed Jupiter
in a close orbit around the sun, calculating a
total H+

3 output of 1017 W. Yelle (2004) de-
rived an emission limit of 1016 W, based on a
one-dimensional model of an EGP while choos-
ing the system parameter to match those of
HD 209458 and its orbiting planet. Koskinen

et al. (2007) used three-dimensional, self-con-
sistent global simulations of a coupled thermo-
sphere-ionosphere model resulting in a total
power output of up to ⇠ 1015 W. Koskinen
et al. (2007) expected the spectral line output
for the Q(3, 0)-transition to be 1% of the total
output power of H+

3 , hence a limit of ⇠ 1012 W.
The calculated emission limit for H+

3 from the
atmosphere of HD 209458 b from our obser-
vations is 1 to 3 orders of magnitude less sen-
sitive than the theoretical predictions. The
calculated spectral line output for the emis-
sion line at 3953.0 nm by Koskinen et al. (2007)
is even 6 orders of magnitude away from our
measurements.

Next, we compare our results to the H+
3

emission limits reported by Shkolnik et al. (2006)
and Laughlin et al. (2008). Shkolnik et al.
(2006) measured detection limits for six hot
Jupiter systems of di↵erent spectral types and
reported a detection limit of 6.3 · 1017 W at
3953.0 nm for the M-dwarf GJ 436 that is one
magnitude lower than our measurements. This
di↵erence is mainly because of its late spec-
tral type, as the data quality is similar for
all spectra used for their analysis. The de-
tection limit results for the late F dwarfs in
their sample are comparable to our limit mea-
sured for HD 209458 b, a G0 star. Laughlin
et al. (2008) reported an H+

3 limit for ⌧ -Boo
of 9.0 · 1017 W, which is also half a magnitude
better than our measurement. Considering the
much higher resolution of CRIRES in com-
parison to CSHELL, but the small amount of
observing time for our data, achieving roughly
the same order of magnitude for the emission
limits seems realistic.

5.2 Results for the Spectra of
GJ 86 and HD 217107

Searching for planetary H+
3 emission lines in

the spectra of GJ 86 and HD 217107 lead to
no detection of any signs of planetary emis-
sion. Each dataset consists of two nights of
observations which fell on di↵erent planetary
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Table 5.1: Detection limit results. (Credit: Lenz, A&A, 589, A99, 2016, reproduced with
permission ©ESO)

H+
3 line Transition FWHM � Det. limit

[nm] [nm] [W]
3953.0 Q(1, 0) 0.076 0.0068 8.32 · 1018

3985.5 Q(3, 0) 0.069 0.0072 5.34 · 1018

radial velocity ranges for both star-planet sys-
tems (See. 4.2.1). The resulting planetary ra-
dial velocities are not precisely known due to
the unknown inclinations for both planetary
systems. Hence, we calculated the shift range
in which the lines are expected and search for
emission peaks. For the first night of observa-
tions of GJ 86 b the planetary emission lines
are shifted towards the red due to the planetary
radial velocity. The expected line positions for
the second night of observation are shifted to-
wards the blue. Even if a possible emission
line was hidden in a stellar absorption line in
one of the observing nights, the chances that it
would be detectable in the other night are high,
due to the large di↵erential planetary radial
velocity of the two observing nights. The same
is true for HD 217107, however, for the first
night of observations the lines are shifted is
towards the blue and for the second night of
observations the lines are shifted towards the
red.

We have summarized the observed spectra
for each night of observations in one or two (in
case of night 1 for the spectra of HD 217107)
nightly mean spectra, while making sure that
the intranight line shift does not exceed the ex-
pected widths of the emission lines (see Sec. 4.2.2).
Neither do we detect any H+

3 emission lines in
the spectra of HD 217107, nor in the nightly
mean spectra of GJ 86.

Cross-correlation of the nightly mean spec-
tra does not lead to the detection of planetary
emission signals at the expected range of plan-
etary radial velocity values. A radial velocity
signal of planetary emission lines should occur
on all of the detectors at the same radial veloc-
ity value. There is no such signal detectable on

all of the detectors. Instead our results show
multiple signals of the residual telluric lines
from the atmospheric correction with the main
peak being the di↵erential topocentric veloc-
ity of the spectra that were used as input for
the cross-correlation. The cross-correlation test
could in principle support the search for atmo-
spheric emission, since this method does not
require the line positions to be known precisely,
however, the detector size of CRIRES is small
and only a few H+

3 emission lines fall on each
of the detectors.

In principle, the application of cross-cor-
relation techniques for the search for plane-
tary atmospheric emission could detect emis-
sion lines which are buried in the noise of the
spectra. Since a cross-correlation function com-
bines all molecular lines from the planet in one
function, the detection rate increases with the
number of molecular lines. Thus, a large num-
ber of lines (e.g. in a molecular band) is a
benefit for a cross-correlation search for plane-
tary lines.

5.2.1 Emission Limits

We use the results from the direct search (see
Sec. 4.2.4) to estimate emission line limits for
the two observed star-planet systems. We fol-
low the same approach as used for the HD 209458
data, which is described in Sec. 5.1.1. As sug-
gested by Shkolnik et al. (2006), in this ap-
proach it is assumed that all emitted light from
H+

3 is stored in one emission line. Shkolnik et al.
(2006) use the Q(1, 0)-transition at 3953.0 nm
for their emission limit calculation. Maillard
et al. (1990) however, find theQ(3, 0)-transition
at 3985.5 nm to be the strongest emission line
in the auroral zones of Jupiter. We calculate
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the emission limits for both H+
3 emission lines

separately in order to compare them to previ-
ous attempts for the search for planetary H+

3
emission.

We measure the standard deviation of the
resulting nightly mean spectra at the H+

3 line
position for the Q(1, 0)-transition at 3953.0 nm
and at 3985.5 nm, (Q(3, 0)). For our calcula-
tion of the detection limits, we assume that we
could detect a Gaussian spectral feature with
a threshold of 3� peak height. We follow the
calculation steps that are described in Sec.5.1.1
with the parameters listed in Tab. 5.2 for both
observed objects to obtain the total L0 lumi-
nosity. The emission limits are obtained by
calculating the fraction of L0 luminosity in the
estimated H+

3 equivalent width. The resulting
emission limits for the di↵erent observations
are listed in Tab. 5.3. The best detection limit
result was achieved for the Q(1, 0)-transition
at 3953.0 nm for HD 217107 b: we derive a
limit of 2.88 · 1016 W for the first half night
of observations (night 1a) with an integration
time of 5400 s.

The comparison of the emission limits to
the theoretical limits from the literature leads
to the following findings: the emission limits
for both EGP, HD 217107 b and GJ 86 b are
in the range of the emission limit calculated by
Miller et al. (2000). They derived a total H+

3
output of 1017 W using the Jovian ionosphere
model (JIM) by Achilleos et al. (1998) and
placing Jupiter in a closed orbit around the
Sun. The emission limit for H+

3 derived for a
star-planet system with the system parameters
of HD 209458 by Yelle (2004) is 1016 W. The
calculations and based on a one dimensional
model of an EGP.

Our best measurement for HD 217107 is
2.88 · 1016 W for the Q(1, 0) transition in the
first half night (Night 1a) of observations. This
is in the range of the limit that was derived
by Yelle (2004) and exceeds the theoretical
estimations by Miller et al. (2000). However,
we do not detect emission of H+

3 for neither the
spectra of HD 217107 b, nor GJ 86 b.

Koskinen et al. (2007) calculated a total

H+
3 output of up to ⇠ 1015 W using a three-di-

mensional self-consistent global simulation of a
coupled thermosphere-ionosphere model. They
expected the spectral line output for a single
line (the Q(3, 0)-transition to be only 1% of the
total output power. This limit for a single line
of ⇠ 1012 W is still four orders of magnitude
away from our measurements.

Next, we compare our derived emission lim-
its for HD 217107 b and GJ 86 b to previ-
ously obtained emission limits from observa-
tions of hot Jupiters. Shkolnik et al. (2006)
observed six hot Jupiter systems with di↵er-
ent spectral types with CSHELL at the NASA
Infrared Telescope Facility (IRTF) and mea-
sured their detection limits. They report a
detection limit of 6.3 · 1017 W for the Q(1, 0)
tran1sition at 3953.0 nm, which was measured
for the M-dwarf GJ 436. For their observations
of HD 217107, they derive an H+

3 emission limit
for the hot Jupiter of 1.1 · 1019 W in an obser-
vation time of 4080 s.

Laughlin et al. (2008) derived an H+
3 emis-

sion limit for ⌧ -Boo of 9.0·1017 W using CSHELL,
as well. In our first attempt (Lenz et al. (2016)),
we observed HD 209458 and derived a detec-
tion limit of 5.3 · 1018 W for the Q(3, 0) transi-
tion. As we proposed in Lenz et al. (2016), we
were able to push the detection limit down to
⇠ 5·1016 W by choosing targets with convenient
parameters for this kind of observation, as well
as extending the observation time quite a lot in
comparison to the observations of HD 209458.
Comparing our measurements to the results
for HD 217107 from Shkolnik et al. (2006), we
were able to push their limit down by two or-
ders of magnitude. Using CRIRES, which has
a much higher resolution than CSHELL, we
were able to achieve a detection limits, which
are a magnitude below the previously reported
best measurements.
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Table 5.2: Parameter for the emission limit calculations

Object K Mag1 L0 Mag2 distance L' band luminosity

[pc] [W]
Gj 86 4.125 4.065 10.9 1.15 · 1024

HD 217107 4.536 4.486 19.72 2.55 · 1024

1 K magnitudes from the 2MASS catalogue
2 conversion from the K magnitude with Bessell and Brett (1988)

Table 5.3: Detection limit results for HD 217107 b and GJ 86 b. The lowest emission
limit, derived for HD 217107 b is highlighted in red color.

Q(1, 0) at 3953.0 nm Q(3, 0) at 3985.5 nm

Object FWHM � Det. limit FWHM � Det. limit
[nm] [W] [nm] [W]

GJ 86
Night 1 0.076 0.0067 1.74 · 1017 0.069 0.0084 2.00 · 1017

Night 2 0.076 0.0108 2.78 · 1017 0.069 0.0119 2.82 · 1017

HD 217107
Night 1a 0.076 0.0005 2.88 · 1016 0.069 0.0235 1.24 · 1018

Night 1b 0.076 0.0009 5.17 · 1016 0.069 0.0204 1.29 · 1018

Night 2 0.076 0.0030 1.74 · 1017 0.069 0.0244 1.97 · 1019
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5.3 Prospects for H+
3 Observa-

tions in the Future

Our second observing run 2012 with CRIRES
led to far better results in terms of data quality
compared to the previous run. We were able to
obtain a much larger number of spectra for each
of the observed systems than in the previous
observations of HD 209458 in 2010. Due to
unfavorable weather conditions, we obtained
only 150 seconds of observations of HD 209458
in 2010. In the 2012 run, we observed three
hours on target for HD 217107. These spectra
of HD 217107 push the detection limit down
to ⇠ 5 · 1016 W which is the emission limit
that we expected to achieve with CRIRES in
a reasonable amount of observing time (Lenz
et al., 2016).

Preferably, future searches for H+
3 emission

would target transiting EGP, which would al-
low for eclipse spectroscopy. Subtracting the
stellar spectra could support the detection of
the handful of emission lines of H+

3 . Addition-
ally, the distance between the planet and its
host star is an important parameter for the
choice of target candidates. However, the theo-
retical estimations for high H+

3 emissions di↵er:
an orbital distance of approximately 0.1 AU
was suggested by Maillard and Miller (2011),
in order to have a good balancing between in-
put flux of the host star and dissociation of H2.
Koskinen et al. (2007) however, suggest that
the most e�cient H+

3 -cooling for EGP atmo-
spheres happens at orbital distances between
0.2 and 1.0 AU.

The theoretical estimations for H+
3 emission

of EGP by Koskinen et al. (2007) predict very
faint signals for single H+

3 lines: they calculate
a spectral line output for the Q(3, 0�) line of
4.8 · 1012 W for a close-in giant planet around
a Sun-like star. Current IR-spectrographs do
not have the sensitivity to detect such faint sig-
nals. In the following subsections, the upcom-
ing near-infrared spectrographs are introduced
and their suitability for the possible observa-
tion of H+

3 from hot Jupiter atmospheres is
discussed.

5.3.1 Ground Based Instrumentation

iShell

iShell1 was installed at the NASA Infrared Tele-
scope Facility (IRTF) in September 2016. The
IRTF is a 3m telescope at Mauna Kea (Hawaii).
iShell is the successor of CSHELL. It is a cross
dispersed spectrograph and operates in the in-
frared wavelength range from 1.1� 5.3µm with
a resolving power of R ⇠ 75.000. Since pre-
vious experiments for the observation of H+

3
emission of exoplanets were not successful and
only upper limits were found, future observ-
ing attempts for H+

3 emission of exoplanets
should make use of the most sensitive instru-
ment for this purpose. Hence, in the near future
CRIRES+ at the VLT which provides a larger
telescope mirror and higher resolution should
be preferred over iShell at the IRTF.

CRIRES+

In 2014, CRIRES was removed from UT 1 at
the VLT and brought to the ESO headquarters
in Garching for a major upgrade. CRIRES+2

is expected to return to Paranal in the fall
of 2019 and commissioning will take place in
the months after the spectrograph is success-
fully installed at the Nasmyth B focus of UT 3.
The new design of the spectrograph includes
the installation of cross-dispersing elements,
newer and larger detectors and gas cells and a
Fabry-Pérot etalon for wavelength calibration,
while maintaining the total operational wave-
length range and the very high resolution of
the original CRIRES instrument (R ⇠ 100.000).
The cross disperser will extend the wavelength
range of the instrument during one observation
by a factor of ten, in comparison to the previ-
ous spectrograph. It will cover a wavelength
range around the center wavelength of about
�/70 (at 1µm) up to �/50 (at 5µm) per or-
der (Seemann et al., 2014). The new design
aims to increase the observing e�ciency of the

1 http://irtfweb.ifa.hawaii.edu/~ishell/
2 https://www.eso.org/sci/facilities/develop/
instruments/crires_up.html

http://irtfweb.ifa.hawaii.edu/~ishell/
https://www.eso.org/sci/facilities/develop/instruments/crires_up.html
https://www.eso.org/sci/facilities/develop/instruments/crires_up.html
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instrument and to enable high-precision radi-
al-velocity measurements with the installation
of additional wavelength calibration options, as
gas cells and a Fabry-Pérot interferometer.

The upgraded instrument will allow to track
a large part of the H+

3 emission band around
4µm simultaneously. In contrast to the orig-
inal CRIRES, the upgraded instrument will
comprise several strong absorption lines in one
single spectrum, which will improve the possi-
bilities to performcross correlation searches for
emission lines, since the detectability increases
with the number of lines. However, in con-
trast to the absorption line forests of molecules
like CO, or NH3 (see Brogi et al. (2014), H+

3
emits only in a few intense lines. Hence, if
CRIRES+ delivers the highly increased ob-
serving e�ciency in comparison to the previous
instrument, one should test the e�ciency of the
instrument for the observation of H+

3 , as well
as analyzing the data with the cross-correlation
approach. We have calculated the approximate
observing times for H+

3 detection limits for dif-
ferent upcoming instruments and their varying
collecting area in Lenz et al. (2016). In order to
reach an emission limit of ·1016 W, we derived
an observation time of 9300min for the old
CRIRES spectrograph. A large sample search
for H+

3 emission cannot be that expensive in
observation time.

METIS

METIS (Brandl et al., 2014) is one of the three
first light instruments for the European Ex-
tremely Large Telescopoe (E-ELT3), its agree-
ment for design and construction was signed
in 2015. METIS is planned as a high resolu-
tion spectrograph (R ⇠ 100.000) covering the
wavelength range from 3 � 5µm, fed through
an integrated field unit. METIS is expected
to enable the study of high resolution spectra
line by line, instead of reconstructing the plan-
etary signal through the combination of many
lines, as it is common today. Also, the ability

3 https://www.eso.org/sci/facilities/eelt/docs/
e-elt_constrproposal.pdf

to study of individual atmospheric lines will
help to retrieve signals of planetary rotation
through line broadening, or even atmospheric
winds (Snellen, 2013). Since the current design
of METIS is outlined as an integrated field unit
spectrograph, the benefit will lie in the larger
collection area of the telescope and (hopefully)
a more e�cient throughput than CRIRES. Our
estimate for H+

3 observations with the E-ELT
in Lenz et al. (2016) was an observation time
of 390min in order to achieve an emission limit
of 1016 W. A cross dispersed spectrograph, as
the upgrade CRIRES+, however, would allow
for a much larger instantaneous wavelength
range to be recorded and hence another order
of precision for certain observations.

5.3.2 Space Based Instrumentation

Space based observations deliver very sensi-
tive measurements since no disturbances due
to Earth’s atmosphere can occur. From the
upcoming satellite missions, the James Webb
Space Telescope (NASA) and ARIEL (ESA)
will both host instrumentation that is designed
for the observation of exoplanetary atmospheres.

MIRI and NIRSpec at the James Webb
Space Telescope

The James Webb Space telescope (JWST) will
host two instruments that are capable for spec-
troscopy of exoplanet atmospheres. The Mid-In-
frared Instrument (MIRI) covers the wave-
length ranges from 4.6µm to 28.6µm and hosts
four separate channels, each with its own grat-
ings and image slicers. The instrument also
provides coronagraphy for the study of exoplan-
ets. The spectroscopy mode is realized as inte-
gral field spectroscopy with a resolving power
of R ⇠ 3000. However, MIRI does not pro-
vide spectroscopy in the 3.9µm regime for the
observation of H+

3 . The Near Infrared Spectro-
graph (NIRSpec) will cover spectroscopy with
fixed slits in the spectral region of 0.6� 5.3µm
and the highest resolving power provided will
be R ⇠ 2700. One of the slit modes is op-
timized for the observation of transiting exo-

https://www.eso.org/sci/facilities/eelt/docs/e-elt_constrproposal.pdf
https://www.eso.org/sci/facilities/eelt/docs/e-elt_constrproposal.pdf
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planets. Thus it will be capable of observations
of hot Jupiter planets and hence the search
of H+

3 emission. The resolving power is very
low, comparing to the upcoming ground based
instruments. However, space based observa-
tions benefit from the advantages of increased
sensitivity, because the observations cannot be
disturbed by Earth’s atmosphere.

ARIEL

ARIEL (Tinetti et al., 2017) is the fourth medi-
um-class science mission from the European
Space Agency (ESA) to be launched in 2028.
Mission one to three are Solar Orbiter (launch
currently planned for 2020), Euclid (2020), and
Plato (2026). The experiment is dedicated to
the characterization of atmospheres of exoplan-
ets. The satellite will host a 1m class telescope
and the science instruments are planned as a
combination of multiple band-photometry in
the optical and NIR regime, as well as com-
bined-light spectroscopy from ⇠ 1.2 � 7.8µm.
The observational strategy is to perform transit
and eclipse spectroscopy methods on warm and
hot exoplanets, in the range from hot Jupiters
to super earths. Since the atmospheres of hot
Jupiters are well mixed, the study of the up-
per atmospheres of these planets allows for a
general assumption on the overall composition
of the atmosphere (bulk composition). The
analysis of a large number of these bulk atmo-
spheres will help to understand the chemical
nature of the observed exoplanets. The ARIEL
mission dedicated to the analysis of planetary
atmospheres, especially of warm planets and
hot Jupiters is the most promising upcoming
experiment that could deliver measurements of
H+

3 in exoplanet atmospheres.
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Summary

We observed three hot Jupiter systems with
high-resolution ground-based spectroscopy us-
ing CRIRES at the VLT in order to detect H+

3
emission lines in the planet’s atmospheres.

H+
3 emission is measured in Jupiter’s au-

rora, where the emitting molecule acts as a
thermostat and cools the upper atmosphere of
the planet by radiating energy into space. Hot
Jupiter’s atmospheres are expected to experi-
ence the same e↵ect.

A detection of H+
3 emission from a hot

Jupiter would give insight on the conditions in
the upper atmosphere and possibly informa-
tion about their magnetic field (Maillard and
Miller, 2011). The direct detection of planetary
atmospheric lines would also allow to directly
measure the planets radial velocity and thus to
determine a model-independent stellar mass.

In 2010, we obtained spectra of the tran-
siting planet HD 20948 b. In the second run
in 2012, our targets were HD 217107 b and
GJ 86 b, which are both non-transiting. CRIRES
is a very high-resolution spectrograph (R ⇠
100, 000) that was mounted at the 8m UT1/VLT
telescope. Since close-in EGP are expected to
be tidally locked, atmospheric features are ex-
pected to not be broadened by rotation. In con-
sequence, the expected spectral lines are very
narrow, hence, the sensitivity increases propor-
tional to the spectral resolution. CRIRES met
the requirements for our observations in order
to yield a maximal photon signal, as well as
achieving very high contrast.

However, the environmental conditions for
H+

3 to form, limit the orbital distance of the

planet to a certain regime: if the orbit is too
close, H2 dissociates and H+

3 cannot form and
help to balance the heating by the host star -
the planet is expected to undergo atmospheric
evaporation. If the orbit is too far out, the
input flux of the host star is not su�cient to
support the formation of H+

3 .

With the spectra from HD 209458 b, we ob-
tained an estimate for the suitability of CRIRES
for the observation of H+

3 in the atmospheres
of hot Jupiters. We obtained 12 spectra during
secondary eclipse of the planet, as well as four
spectra, that contain the combined light of the
planet and the star. We used these ‘combined
light’ spectra to search for H+

3 emission at the
same line positions in the 4µm wavelength
regime that were measured by Maillard et al.
(1990) in Jupiter’s aurora. We searched for
H+

3 emission with three di↵erent approaches:
First, we searched directly for emission bulges
at the expected line positions in the spectra.
Second, we tested a cross-correlation approach
while subtracting the stellar signal from the
secondary eclipse and, as a last test, shifted
all spectra with respect to their planetary ra-
dial velocity at the time of observation and
then added up the flux binwise, creating a
’shift-and-add’ frame.

Our Analysis for HD 209458 b did not re-
veal any signs of H+

3 emission and we used
the resulting ’shift-and-add’ frame to derive
an upper emission limit for our observations of
5.34 · 1018 W for the emission line at 3985.5 nm
and 8.32 · 1018 W at 3953.0 nm. These emission
limits are comparable to the results from previ-
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ous attempts to measure H+
3 emission from hot

Jupiter atmospheres by Shkolnik et al. (2006)
and Laughlin et al. (2008). However, compar-
ing our results to the theoretical predictions
(Maillard et al., 1990; Miller et al., 2000), the
theoretical predictions for the emission of H+

3
from hot Jupiter atmospheres are one to three
orders of magnitude weaker than our measure-
ments.

From the results gained in this experiment,
we derived the best suited target candidates
to push the expected emission limit below the
theoretical predictions of ⇠ 1017,W from Miller
et al. (2000). Our choice for the target sys-
tems for our observing run in 2012 was led by
the idea to test two di↵erent scenarios for the
formation of H+

3 : we observed HD 217107 b,
which is close to its host star and hence expe-
riences a lot input flux, as well as GJ 86 b, a
hot Jupiter system which is in close location
to Earth, which increases the detectability of
planetary emission.

HD 217107 b and GJ 86 b are both non-
transiting planets, hence the radial velocity
of the planet is only known in dependence
of the unknown inclination angle i. In our
analysis, we searched the spectra directly, for
emission bulges at the expected line positions
and applied a cross-correlation approach in or-
der to search for H+

3 emission features. Due
to the unknown planetary radial velocity, the
shift-and-add approach that was applied to the
data for HD 209458 was not viable for these
systems. We could not identify H+

3 emission
signals in our spectra of HD 217107 b and
GJ 86. We derived the emission limits from
the nightly mean spectra of the observations.
We obtained our best result with the first night
of observations of HD 217107 b, for which we
calculate an emission limit of 2.88 · 1016 W for
the emission line at 3985.5 nm. This emission
limit is below the theoretical predictions from
Miller et al. (2000) of 1017 W and close to the
predictions by Yelle (2004) of 1016 W. With
these measurements, we reach our estimations
for the expected data quality for an intensive
search for H+

3 emission from exoplanet atmo-

spheres with CRIRES (see Lenz et al. (2016)).
In the near future, CRIRES+ will be the

preferred upcoming instrument in the infrared
wavelength regime to run another test for the
observation atmospheric emission of H+

3 from
hot Jupiter planets. The cross dispersed spec-
trograph will allow to simultaneously record a
large amount of the H+

3 emission band at 4µm
and hence will support the cross-correlation
approach for the search for H+

3 emission.
However, Koskinen et al. (2007) derived an

H+
3 emission limit of ⇠ 1012 W as a single line

flux from a close-in EGP. As we stated in Lenz
et al. (2016), this limit will be very di�cult to
reach with ground-based facilities in the near
future, including CRIRES+.

The upcoming E-ELT and similar future
giant telescopes will have large mirror diame-
ters, which translates directly into the photon
collection areas. This next generation of gi-
ant telescopes will enable detailed studies of
hot Jupiter atmospheres, including the search
for H+

3 emission. Hence, large surveys for H+
3

emission of hot Jupiter atmospheres aiming for
detection limits of 1015 W and below will be-
come possible.
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und Katja Poppenhäger für den Mut zur Wissenschaft. Johanna Kerch und Sandra Je↵ers
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