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Abstract
The field of exoplanets have been rapidly growing, confirming over three thousand
planets of which most have been discovered with the Transit method. Now focus lies
on the characterization of exoplanets atmospheres. The searches are concentrated
on finding planets that are Earth-like and in the habitable zone in order to detect
biosignatures, the sign of life. This project examines Earth as an exoplanet. The
goal of the project is to answer if it is possible to see Earth’s atmosphere when
transiting the Sun as seen from Jupiter. In January 5 2014 Jupiter was observed
during the Earth-transit on the Sun as seen from Jupiter. Spectra were taken with
the infrared spectrograph CRIRES, located at Cerro Paranal in Chile, during the
last part and after the transit. The spectra were reduced and a combined 2d spectra
were obtained. A detailed analysis process was performed and the spectra during
transit was divided by the spectra after transit, giving a residual signal. The residual
signal was compared to the telluric spectrum in order to determine if they correlated.
A correlation of the lines might indicate that Earth’s atmosphere is detected in the
dataset. The residual signal correlates with the telluric absorption lines, but the
conclusion is that the signal is probably due to incomplete removal of telluric lines.

Sammanfattning
Exoplaneter har varit ett snabbt växande omr̊ade, nu med över tretusen bekräftade
planeter. Flest exoplaneter har blivit upptäckta med Transitmetoden och sedan
upptäckten av en exoplanets atmosfär gjordes ligger mycket fokus p̊a karaktärisering
av dessa atmosfärer. Sökandet efter en planet som liknar Jorden p̊ag̊ar och att
detektera ämnen i atmosfären som är kopplade till liv är ett av de största målen. I
detta projekt undersöks Jorden som en exoplanet. Målet är att besvara fr̊agan om
det är möjligt att se Jorden göra en transit framför solen fr̊an Jupiter sett. Den 5
januari 2014 observerades Jupiter d̊a Jorden gjorde en transit. Spektra togs med den
infraröda spektrografen CRIRES, belägen i Cerro Paranal i Chile, under den sista
delen av transiten och timmarna efter. Alla spektra reducerades och ett kombinerat
2d spektra erhölls. Dessa spektra genomgick en detaljerad analysprocess och spektra
taget under transiten divideras med spektra taget efter transiten och en signal erhölls.
Signalen jämfördes med de telluriska absorptionslinjerna för att hitta en korrelation,
vilket skulle kunna betyda att signalen fr̊an Jordens atmosfär under transiten är
synlig. Signalen och de telluriska linjerna korrelerade, men slutsatsen var att denna
signal förmodligen är en kvarvarande signal fr̊an de ofullständigt avlägsnade telluriska
linjerna.
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Chapter 1

Introduction

Humankind have since ancient times looked up at the sky and seen other worlds in the
stars and the vast Universe. But the search for other worlds have only been something
for our imagination. In 1992 Frail and Wolszczan (1992) detected planets around a
pulsar and in 1995 Mayor and Queloz (1995) found the first planet around a main
sequence star. And suddenly, the thoughts of other worlds became something real.
This breakthrough led to intensified searches and development of new techniques in
order to find the faint signal of a planet orbiting a star. An extrasolar planet, or
exoplanet, is as the name suggest a planet orbiting a star other than the Sun. The
next step after founding and confirming the existence of an exoplanet would be to
characterize it. Does it lie within the habitable zone? Is it terrestrial, gaseous or
icy? What atoms and molecules constitute its atmosphere?

With new technique and better telescopes, instruments and methods the explo-
ration of an exoplanet’s atmosphere is soon possible. With the technique existing
today the atmosphere of exoplanets can only be glimpsed, but only the atmospheres
of the so called hot Jupiters. Hot Jupiters are large, gaseous planets that orbit very
close to their star, getting significantly heated by stellar irradiation. The method
that can be used to examine the atmospheres is called the Transit method and will
be explained in the next chapter. With this method a transmission spectrum is taken
in order to examine the exoplanet’s atmosphere and it gives information about the
atoms, molecules and condensates present in the atmosphere.

One of the most interesting (and important) questions to answer in astronomy
is the formation of the Solar System. The questions were believed to be answered
when the studies of the found planetary systems began. The expectations was that
they would look like the Solar System, but this was not the case. Instead the planets
found were hot Jupiters. When the discovery of terrestrial planets were made the
scientists believed they would behave as the rocky planets in the Solar System, with
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rather small inclinations of their orbits compared to each other. But this was also
wrong, instead many have very peculiar orbits compared to each other. This makes
the exploration of the Universe and other planetary systems so important. Many
questions still need to be answered which require continuing observations and the
development of new methods and techniques.

One promising project is the upgrade of CRIRES (CRyogenic high-resolution
InfraRed Echelle Spectrograph) to CRIRES+, estimated to be operational 2018
on the Very Large Telescope array (VLT). The main purpose of the upgrade is
the transformation to a cross-dispersed spectrograph that will increase the wave-
length coverage. This will allow searches for super-Earths around low mass stars
(∼ 0.15MSun–0.5MSun). It will also be possible to characterize the atmosphere of
transiting exoplanets (Follert et al. 2014).

In this degree project Earth is examined as an exoplanet. It is based on the ob-
servations made with ESO telescopes at Paranal Observatory under program 092.C-
0832(A). A multi wavelength observatory campaign followed the Earth transiting
the Sun as seen from Jupiter. The campaign had two goals; 1) To measure the
Rossiter-McLaughling effect, which is done by Molaro et al. (2015) and 2) Show
that it is possible to characterize Earth’s atmosphere as an exoplanet. For this pro-
gram the Jovian system (Jupiter and its moons) were observed in January 5 2014.
These observations are in the form of spectra taken with the infrared spectrograph
CRIRES mounted on VLT in Cerro Paranal, Chile. In Chapter 2 background and
some theory are reviewed. It is a challenge to characterize Earth’s atmosphere as an
exoplanet because the signal from the atmosphere is very faint, as will be discussed
in Chapter 3.1. In Chapter 3.2 the reduction process of the observational data is
presented and an analysis of the result is performed in Chapter 4. A discussion of
the results is carried out in Chapter 5 and some recommendations on how to proceed
are presented in Chapter 6. Finally the conclusions are drawn in Chapter 7.

The purpose of this project is mainly to learn how a larger scientific project
is planned, worked through and presented. It is important to plan a project and
to know how much time to spend on the different parts. Secondly, the purpose is
to examine spectroscopically the Earth as an exoplanet as seen from Jupiter. The
project’s goal is to answer the following question: Can Earth transiting the Sun be
seen from Jupiter? During the transit, light from the Sun passes through Earth’s
atmosphere twice, once during its way to Jupiter and once when the reflected light
from Jupiter enters the atmosphere on the way to the telescope. After the transit
the light only passes through the atmosphere once, on the way to the telescope, and
this difference might be seen in the spectra. So with high-resolution and high signal-
to-noise infrared spectra the detection of Earth’s atmosphere will be attempted.
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Chapter 2

Background

Since Frail and Wolszczan (1992) detected planets around a pulsar and Mayor and
Queloz (1995) found a planet around a main sequence star searches for exoplanets
have intensified. In 1999 the first transiting planet was observed (Charbonneau et
al. 2000; Henry et al. 2000). This lead to monitoring of known planetary systems
that already had been found the with radial velocity method, in order to look for
possible transits. ‘Blind searches’ were set up both from ground and space to look
for the periodic transit signatures.

There was considerable optimism of finding exoplanets from these transit searches,
but the strict observation requirements became evident: procedures for handling a
lot of false positive detections, stable instrumentation with low systematic noise, high
photometric precision and dedicated telescopes. But the technique was mastered and
an increase in discovery rate followed after 2005.

NASA’s Kepler mission recently verified 1284 new planets, this more than doubles
the number of confirmed planets from the Kepler mission. The announcement and
verification is based on a method for quicker handling of false positive detections
(Morton et al. 2016).

Up to date 3410 exoplanets have been confirmed (http://exoplanet.eu/catalog/,
2016-05-25) and more are expected when new instruments and new space telescopes,
dedicated to search for exoplanets, become operational. By the Transit method the
majority of exoplanets have been found.

2.1 Transit Method
When the planet crosses over the star’s disk, the light from the star gets dimmer.
This can be seen as a dip in the light-curve of the star, see Figure 2.1.
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Figure 2.1: Schematic of a planet transiting a star and the light-curve that is seen
(Perryman 2011)

Depending on the size of the dip in the light-curve properties of the star and
planet system can be accessed (Winn 2009). One of the most simplest attribute to
determine is the relative size of the planet with respect to the star, which is given
by the depth of the transit light-curve. From the estimate of the radii, the mass can
be assessed. Combining mass and radii provide the planet’s density. In turn, the
density can tell more about the composition of the planet. With photometry and
spectroscopy, during the transit and secondary eclipse, more of the planet’s structure
and atmosphere can be examined (Perryman 2011).

The probability of the orbital plane of the planet to be oriented in our line of sight
is approximately 10−3 for a Jupiter planet and 0.5% for an Earth planet (Schneider
2002).The effect of the transit is also very small; for a Jupiter-size planet around
a star with a radius of the Sun, the flux from the star drops about 1.1 ∗ 10−2, or
around 0.01 mag. For smaller planets like Mars or Earth the drop is on the order of
∼ 10−5 (Perryman 2011). From telescopes on the ground Jupiter-size planets can be
detected, with photometric precision of about 0.1%. Limitations from ground is a
combination of atmospheric transparency variations, atmospheric scintillation noise
and detector granularity. Earth-size planets can be detected by telescopes in space
with a photometric precision of around 10−5 (Schneider 2002).

The atmosphere of exoplanets can be examined with spectroscopy during the
transit (also called primary eclipse)from the differences in flux, and also during the
secondary eclipse.
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Figure 2.2: Schematic of a transiting exoplanet (Seager & Deming 2010)

Observations are performed in the combined light of the star and planet system.
A fraction of the stellar light passes through the exoplanet’s atmosphere when it tran-
sits in front of the star. The transit depth increases at wavelengths where the planet’s
atmosphere absorbs the starlight more strongly. The wavelength dependent transmis-
sion spectrum probes the outer regions of the planetary atmosphere. The spectrum
can convey information about the atoms, molecules and condensates present in the
atmosphere (Brown 2001, see reference in Perryman 2011). The emission spectrum
is taken during the secondary eclipse. This spectrum contains information about the
atmospheric temperature.

2.2 Spectroscopy
The only information astronomers get from the Universe, is the electromagnetic ra-
diation from the objects which are observed. The study of the interaction between
matter and radiation, as a function of its wavelength or frequency, is called spec-
troscopy.

When studying the light from the sun, Newton used a prism to disperse the light
into its different colors, and noted that it reflected the properties of the sunlight itself.
Some 200 years later the hydrogen lines were recognized by Balmer in the absorption
lines of the solar spectrum. See Figure 2.3 for an example of an absorption spectrum.
Nowadays, spectra are used to study this absorption of light by matter in a range of
different science fields.
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Figure 2.3: Spectrum with absorption lines(top) and seen from the side, intensity vs
wavelength(bottom) (Herter 2016).

Around the nuclei in an atom the electrons are bound in quantized orbits and
emit radiation at discrete wavelengths. These discrete wavelengths are defined by
the transitions between the energy states. This results in spectral lines which are
important tools for characterizing and identifying the source that emit the radiation.

The rest wavelength or frequency of the transitions are an important feature of the
atomic spectra. By laboratory measurements or quantum mechanical calculations
this rest wavelength is known very precisely. The Doppler shift can then be measured
by observing a shift in the rest wavelength which is due to the motion of the emitting
source. This is a cornerstone of modern astronomy and makes it possible to observe
the different motions of rotation curves of galaxies, binary stellar orbital motions etc.
(Ho 2000).

When considering the atmosphere of exoplanets, two aspects of spectroscopy are
used. Doppler shift can be seen of the planet that orbit the star. They are separated
by a small shift and this makes it possible to distinguish the spectrum of the planet
from the stellar spectrum. The second is that the actual molecular content of a
transiting exoplanet’s atmosphere could affect the stellar spectrum.

The wavelength preferably used when observing exoplanets and the transmission
spectrum are in the near infrared to infrared (∼ 0.7µm to 100µm). This is because
the planet-star contrast ratio is significantly improved in the infrared, from 10−5–10−6

in optical to 10−3–10−4 in the infrared. In this region some strong molecular absorp-
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tion bands are present, such as water (H2O), molecular oxygen (O2), ozone (O3),
carbon monoxide (CO) and methane (CH4). These could be observed in exoplanets
atmospheres. These are interesting molecules that is a valuable diagnostic for the
presence of life, together with carbon dioxide (CO2). But, O3 as a signature from
a rich O2 atmosphere, produced by photosynthetic lifeforms as on Earth, may not
be produced by photosynthesis. O3 can be built up from the photolysis of H2O and
CO2 (Perryman 2011). But the triple signature of CO2, H2O and O3 may provide a
robust discriminator between produced O2 by photochemical processes and biological
photosynthesis. Examination of stable volatile molecules produced by life on Earth
is researched, were the result will be a list of molecules called biosignatures (Seager
et al. 2015).

Some problems exists when observing in the infrared. On the ground the main
limitation is the atmosphere surrounding the Earth. It emits radiation in the infrared
and also absorb much of the incoming infrared light. In space the problem when
observing in infrared is the thermal background radiation. This comes from the
solar system zodiacal light, such as emission from dust in the solar system arising
from comets and asteroids. If a space telescope could be placed at a distance of
4-5AU from the sun, this would be reduced by a factor of about 100 (Gurfil et al.
2002).

Since detecting a transiting planet’s atmosphere in 2002 by Hubble Space Tele-
scope (Seager & Deming 2010), the field was expanded. Searches for other planets
are partly motivated by the effort of understand their formation and then gain an
improved understanding of the formation of the solar system. The improvements in
spectroscopy from the ground and space together with atmospheric modeling lead to
searches of planets which are habitable. They may be inhabited by microorganisms,
and ultimately possibly by intelligent life.

The assessment of a planet being suited for life is made by comparison and knowl-
edge of the Earth. The searches are also motivated by finding an Earth-twin. An
Earth-twin is a terrestrial planet with approximately the same size and mass as
Earth, orbiting a star like the Sun. One of the general beliefs is that carbon-based
life-forms need liquid water. This requires that the planet is in the habitable zone.
The habitable zone is the range of distances from the planet’s star at which water
remains liquid on the surface. Hopefully, biosignatures as mentioned above, can be
detected in the atmosphere of these terrestrial exoplanets.

Some research targets Earth to study it as an exoplanet. This is for example
done by Vidal-Majar et al. (2010), Arnold et al. (2014) and Yan et al. (2015). They
observe the Moon while eclipsed by the Earth. Light from the sun passes through the
atmosphere of Earth. Seen from the Moon the transmission spectrum of Earth can
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then be observed. Spectra of the Moon are taken before, during and after the eclipse.
The observed transmission spectrum is compared to atmospheric models so that the
characteristics of the various atmospheric species can be determined in detail. Vidal-
Majar et al. (2010) come to the conclusion that the spectral observations can reveal
the Earth’s atmospheric content such as broadband signatures of O3 and Rayleigh
scattering, narrowband features of NaI and O2.

Arnold et al. (2014) come to the conclusion that O2, O3 and Rayleigh scattering
are well visible. The oxygen A and B bands are seen, as well as water vapour.

Yan et al. (2015) come to the conclusion that the most prominent absorption
feature is the Chappius band of ozone. The O2-lines are resolved with other types
of oxygen isotopes. Water vapour is present, but weaker than in the other lunar
eclipse observations. Yan et al. (2015) observations were taken at a location where
the air is drier, making them believe there will be a large variability in water vapour
detectability in an Earth-like exoplanets atmospheres. No NaI or CaI features were
observed.

Arnold et al. (2014) also made an analysis of what might be detected in the visible
transmission spectrum of an Earth-like exoplanet using the future E-ELT(European
Extremly large telescope). E-ELT will be a telescope in the 40m-class and will
observe in the optical to near infrared and study all things between the first galaxies
in the Universe to super-massive black holes and planets orbiting around other stars.
The conclusion they draw is that it should, in principle, be possible to detect the
oxygen A-band in the atmosphere, for a planet transiting a star at a distance of 10pc
from us.

It is not only Earth that can be studied as an exoplanet in the Solar system.
Montañés-Rodŕıguez et al. (2015) observe Jupiter as an exoplanet by observing its
transmission spectrum in order to probe the chemical composition of the atmosphere.
This is done by observing Ganymede passing through Jupiter’s shadow, i.e. during
a solar eclipse from Ganymede. The geometry will make it possible to observe more
planetary transits in the Solar System and this kind of observation technique will
provide crucial information for the characterization of exoplanets. This technique
also allows for probing different parts of the atmosphere, from the outer parts to the
deeper layers. The resulting spectrum showed strong absorption features from CH4
and strong extinction due to clouds (aerosols) and haze in the atmosphere. Na lines
are also present. These results are relevant for modeling of giant transiting planets
and its interpretation.
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Chapter 3

Method

Observations of Jupiter and its moons were conducted on the 5th of January 2014,
when the Earth made a transit as seen from Jupiter. The transit started, seen
from the Jovian system, at 16:48 UT and lasted until 02:28 UT, 6th of January.
Ganymede arrived about one hour in advanced to the alignment, Europa about
30min while Io went behind Jupiter during the transit. See Table 3.1 for a summary
of the transit times. The total duration of the transit was 9h and 40min. The
multi wavelength campaign included observing with different instruments from VLT
in Cerro Paranal and New Technology Telescope (NTT) in La Silla, both located
in Chile. Observations were also made from Telescopio Nazionale Galileo (TNG)
positioned in La Palma, Canary Islands. The observational data used in this project
are spectra taken with the instrument CRIRES, VLT. Jupiter was only visible and
observed the last 1.5 hours and the hours following the transit from Cerro Paranal.

Table 3.1: Summary of the transit times
Time (UT) Jupiter Europa Ganymede

Transit seen from Jovian system
Start 16:48 16:18 15:48
End 02:28 01:58 01:28

Transit seen from Earth
Start 17:18 16:48 16:18
End 02:58 02:28 01:58

The Moon also transited, but 4 hours behind Earth. In Figure 3.1 the front view
of the Jovian system is illustrated as seen from Earth. In Figure 3.2 the projected
size of the Sun, Earth and Moon is seen from Jupiter.
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Figure 3.1: Front view of the Jovian system as seen from Earth (Stellarium 2016).

Figure 3.2: Front view of the Sun, Earth and Moon as seen from Jupiter.
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The observations consists of spectra taken with the instrument CRIRES (Käufl
et al. 2004) mounted on VLT.

CRIRES is a spectrograph in the wavelength range 1 to 5.3 µm and have a
resolving power of up to 105. The spectrograph lies in a vacuum vessel and its optics
are cooled to ∼ 65K and the detectors to ∼ 25K. The detector is divided into four
so called chips (or extensions), each one consisting of 1024x512 pixels. CRIRES is
used for example for radial velocity studies and direct spectroscopic detection and
characterization of CO and CH4 for exoplanets.

When taking infrared (IR) spectra, the most basic way is to observe the target
along two slit positions, which is called nodding along the slit. The observations of
Jupiter was with a technique called generic offset where the object is moved on and
off the slit and, sky images are also provided. Observational data on Jupiter and the
sky are called science frames. The basic steps of how to reduce this kind of data are:
1. Nodded pair subtraction, ghost and glow removal
2. Flat fielding
3. Wavelength Calibration
4. Combining 2d spectra
5. Extraction
6. Telluric line correction
7. Flux calibration
Only steps 1-6 were necessary in this project. The details will be discussed later in
Chapter 3.2. CRIRES uses a slit that is 0.2 arcsecond wide and 40 arcsecond long.
The slit can be observed as the black vertical line in Figure 3.3, where the position
of Jupiter is seen through the telescope during the observations.

Figure 3.3: Jupiter seen through the telescope.
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3.1 Geometry
The apparent size of an object, expressed in arcseconds (”), with the physical diam-
eter d at a distance D are:

δ = (206265) ∗ d
D

(3.1)

The Sun has a radius of 696Mm and a mean distance to Jupiter of 5.2AU (where
1AU∼149597Mm). The Earth has a radius of 6.378Mm and a mean distance of 1AU
to the Sun and 4.2AU to Jupiter. Equation (3.1) then gives that the solar disk was
approximately 369” and the Earth 4.19” as seen from the Jovian system, see Figure
3.2. This means that the projected size of the Earth covers about 1.13% of the solar
disk. The Moon has a projected size of 1.14” or 0.31% of the solar disk and does
not contribute much to the changes in flux. The Moon does not have an atmosphere
which would have affected the spectra.

If the Earth would have an atmosphere of 100km that was completely opaque the
projected size of the Earth would cover 1.15% of the solar disk (4.25”). The difference
if Earth would have no atmosphere or 100km opaque atmosphere is ∼ 0.02%. This
signal is very small. The Kármán line, which marks the boundary between Earth’s
atmosphere and outer space, lies at an altitude of 100km above sea level. Earth’s
atmosphere is not continuous and it gets thinner and thinner with increasing altitude.
So the difference of 0.02% is an overestimate. See Appendix A for calculations.

During the transit the Sun’s light passes through Earth’s atmosphere and travels
to Jupiter. The light is reflected from Jupiter and travels back to Earth and once
again passes through the atmosphere on the way to the telescope. Airmass is a
numerical value of the optical path length through the atmosphere which light has
to travel. The interaction of light with the constituents of the Earth’s atmosphere
leads to absorption lines in the ground-based collected spectra, so called telluric
absorption lines. The width and depth of the lines are connected with the amount of
atmosphere, and therefore airmass, passed on the way to the telescope. By definition
the airmass is equal to 1 at zenith at sea level. The airmass increases as the angle
between zenith and the source is increasing (Schaefer 1993). The airmass has a linear
relationship to the instrumental magnitude (i.e. the magnitude of the source that
the telescope observe) were the slope of the straight line is the extinction coefficient.
During the observations the airmass is assumed not to be changing in any other way,
e.g. no discontinuous density in the air above the telescope. When Earth has passed
over the solar disk and the transit is over, the light only passes through Earth’s
atmosphere once, on the way to the telescope. The difference of the light, having
passed through Earth’s atmosphere twice during transit and once after the transit,
might be detected in the spectra.
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3.2 Reduction process of the raw data
The instrument CRIRES does not have a software pipeline which gives reduced data
directly. This means that the data obtained from the ESO archive are raw data
which need to be reduced in order to get spectra. The reduction process is described
in a Manual (Jung et al. 2014) and a Cookbook (Smoker et al. 2012).

The raw data were requested at ESO’s archive: http://archive.eso.org/eso/
eso_archive_main.html, and then downloaded. The program Gasgano (see manual
by Klein Gebbinck et al. (2007)) creates a simple overview of the files and is one
of the programs used to reduce data from CRIRES. It is a relative simple program
which takes the raw files, and with the use of so called “recipes” the files goes through
a pipeline and an output file is obtained. This was done by following the Cookbook
(Smoker et al. 2012) and an overview of the process is explained below.

The first step was to create a master dark. A master dark is an image of the dark
current in the photosensitive detector. Dark current is noise created by the random
electron and holes generated within the depletion region of the detector. The master
dark was created using three frames, which results in a mean fixed-pattern noise that,
when subtracted from the other frames, takes away most of the noise. A master dark
was needed for each different exposure time, where the science frames had exposure
time 120s, the flat fields 2s and the lamp for the wavelength calibration had 10s
exposure time. A defect on the detectors is glow, which is visible over the areas close
to the amplifiers, but this can be removed by master dark subtraction.

The second step was to create a master flat field. The flat is used to remove
pieces from images that are caused by variations in the pixel-to-pixel sensitivity of
the detector. A uniform output will be created when the detector is appropriately
flat-fielded. They are taken the day after the observations. The recipe for creating
the flat also creates a bad pixel map, which identifies the bad pixels, such as a ghost
on the detector. A ghost is light that is retro-reflected from the detector onto the
grating, which in turn is redirected onto the detector in a different order and with
reduced dispersion.

The third step is to wavelength-calibrate the data in order to get the right wave-
length for the specific pixel on the detector, but this can be tricky. Many telescopes
use a Thorium-Argon lamp to calibrate the science data. The Thorium-Argon lamp
has a spectrum with many emission lines on known wavelengths and relate the pixels
to wavelengths using a robust cross-correlation technique that aligns the spectra with
a synthetic one from a catalog. The problem with Thorium-Argon lamp is that too
few lines are visible in the infrared, making the cross-correlation uncertain. For a
more detailed explanation of the process, the problems and the algorithm for cross-
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correlation see the Cookbook (Smoker et al. 2012) chapter 8.6 and Manual (Jung et
al. 2014) chapter 10.2.1.

When the wavelength calibration was done the reduction of the science frames
could begin. The recipe for reduction of science frames is called ”crires spec jitter”.
It accepts a science frame of the sky and the object, the dark, flat field, bad pixel
map, wavelength calibration and some pre-existing catalogs.

All in all it reduces the science frames and gives different output files. The one
used and analyzed in this project were the combined 2d spectra. A total of 34 spectra
were reduced and extracted. 17 of them were during the transit and the remaining
were from after the transit.

Figure 3.4 shows one of the 34 spectra that were reduced and extracted. The
four chips give four different wavelength ranges, which depends on the wavelength
calibration. But for IR spectra the wavelength calibration are, as mentioned, tricky
and the result cannot always be trusted. It was decided to concentrate on chip 3,
approximately in the wavelength range 1269-1275nm, because on this chip many
lines from molecular oxygen in the Earth’s atmosphere can be found. In Figure 3.5
only chip three is displayed. The gray horizontal bands in the figure are the bands
of different shades seen on Jupiter.

Figure 3.4: Combined 2d spectrum displaying all chips. In the top chip 1 and chip
2 are displayed, in the bottom chip 3 and chip 4 are displayed.
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Figure 3.5: One of the 34 spectra, displaying chip 3.

Figure 3.6: One of the 34 spectra, zoom on chip 3 to exaggerate the bent shape.
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Chapter 4

Results

The data and spectra were analyzed using Interactive Data Language (IDL). IDL
is a programming language often used by astronomers because it is good at pro-
cessing and visualizing large amounts of data. NASA provides an Astro Library
for astronomer to use in IDL, which is basic programs and codes to help process
astronomical data.

4.1 Correction of slit shape
One problem noticed in the combined 2d spectra was that all the absorption lines
were slightly bend in a parabolic shape (see Figure 3.6). This would indicate a
differential velocity, one which Jupiter could have due to differential rotation. But
the telluric absorption lines from the atmosphere on the reentry of the light are also
bent. The bend shape is a instrumental effect.

The code used aligns the spectra (positioned as pixel rows) by cross-correlate pixel
rows, which are dominated by the telluric absorption lines. By aligning the spectra
using the pixel rows, the uncertainties of the wavelength calibration is no longer a
limit. The spectra are then corrected for bending shape with spline interpolation.
The final part returns the median value and the spectrum is extracted. The result
is seen in Figure 4.1. On the y-axis the 34 different spectra are plotted on the rows,
which also could be expressed as time, and the x-axis display the value on each
different pixel.
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4.2 Removal of telluric lines
To correct for the telluric absorption lines in the spectra a polynomial fit of first
degree is performed against airmass. By extrapolate back to where airmass is equal
to zero, the spectra without any telluric absorption lines can be obtained. This
is done for all wavelengths (pixels columns). Only the telluric lines from the light
passing through the atmosphere above the telescope are removed. The resulting
spectra are shown in Figure 4.3. To display the removal of the telluric absorption
lines, the 2d spectra are collapsed and the spectrum are plotted in Figure 4.2 and
Figure 4.4.
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Figure 4.1: Extracted 2d spectra with telluric lines.

Figure 4.2: Mean spectrum from the 34 spectra, with telluric lines.
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Figure 4.3: Extracted 2d spectra with no telluric lines.

Figure 4.4: Mean spectrum from the 34 spectra, with no telluric lines.
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In Figure 4.5 all 34 spectra are plotted, the 17 first spectra(from the top) are the
ones taken during transit and the 17 below are taken after transit.

Figure 4.5: Aligned extracted spectra with no telluric lines, plotted with an offset
for clarity. The spectra above the gap are the in transit spectra. The spectra under
the gap are the out of transit spectra. Time line goes from top to bottom.

In order to see if the small signal from the atmosphere is present in the spectra
taken during the transit, the following is performed: The mean, or average, value
of the spectra taken during transit is divided by the mean spectra taken after the
transit, giving a residual signal. This will take away any lines contributing from
Jupiter’s atmosphere. Then the spectra with telluric lines are divided by the spectra
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without telluric lines and the median value is taken, which gives a spectrum with
only the telluric absorption lines. In Figure 4.6 the spectrum of the telluric lines is
plotted with the spectrum of the residual signal. The residual signal is very small,
in order to compare the residual signal with the telluric lines, the residual signal is
multiplied by 20, as seen in Figure 4.7.

There is a clear correlation between the telluric lines (blue line) and the residual
signal (black line). This could indicate that Earth’s atmosphere was detected in the
dataset. However it will be discussed in the next chapter why this residual signal is
believed not to be the signal sought.

Figure 4.6: Residual signal plotted with telluric absorption lines.
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Figure 4.7: Residual signal times 20 plotted with telluric absorption lines.
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Chapter 5

Discussion

Even if a correlation is observed between the atmospheric telluric absorption lines and
the residual signal, this is believed to be some remaining signal from the reduction
and analysis process and not the actual signal from the atmosphere of the Earth
during the transit.

Why draw this conclusion? The expected signal is as small as 0.02% or even
smaller then the signal-to-noise ratio (SNR) needs to be sufficiently high to notice
this difference. A SNR over 100 is needed to detect a 1% signal. This means that to
detect a 0.02% difference (or signal), a spectrum with SNR 5000 or higher is required.
Often spectrum have a SNR of ∼30 and good quality ones have 200-300.

The signal increases linear with number of spectra while the noise increases only
with the square root of the number of spectra.

Signal = n ∗ S

Noise =
√
n ∗N

SNR = n∗S√
n∗N =

√
n ∗ S

N

Where n is the number of spectra.
To measure the SNR for the spectra obtained from the observations, a high degree

polynomial was fitted to the spectra. The spectra were then divided by the obtained
polynomial. This method removes the slow and smooth changes in the spectrum and
only the fast (pixel-to-pixel) variations are left, making it possible to evaluate the
noise in the spectrum. The mean value of the obtained spectrum was then divided
with the standard deviation of the same spectrum which gives an estimate of the
SNR. The measured SNR for the different spectra varied (190∼250), but for further
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analysis it was approximated as 200. One way to increase the SNR is to take more
spectra. 17 spectra were taken during the transit which gives a estimated SNR of
200 ∗

√
17 = 825.

To get a SNR value of 5000, which could discern the signal of 0.02% and the limit
when the signal is just as strong as the noise, the number of spectra needs to be:

n = (5000
200 )2 = 625

To really be certain that the signal can be discerned, a higher value than 5000 is
desired. To get 5500 the number of spectra becomes 756. To obtain this amount of
spectra over 25h of observations is required, which is not possible as the transit only
lasted 9hours and 40 min. Furthermore, observations of the sky is also needed and
this takes exposure time. Jupiter was only visible and observed the last 1.5 hours
of the transit from Cerro Paranal, which also limits the observations as the Earth
rotates and one can not observe from the same site during the whole period.

The residual signal seen is a rather prominent one, having a strength of 5% (1/20).
This is larger than the signal from the atmosphere expected to be found. The most
probable explanation for the result is that the residual signal is a remaining signal
from the atmospheric lines that could not entirely be removed. One cause of this
could be that the first spectrum, which is used to fit the polynomial for removal of
telluric lines, have a lower airmass than the other spectra. The airmass increases
during the observations. This may be the cause that the telluric lines were not
removed completely.

In the code the median value is used when extracting the spectra after cross-
correlation and spline interpolation. Median is good because it is not affected by a
value that is very high or very low compared to the rest, which can disturb the result
when using mean value. Mean value is a popular tool for measuring the mid-point
in a sample, but is largely influenced by outliers. The median is better when having
a skewed distribution to derive a central tendency since it is much more robust and
sensible.

Better instrument is necessary to get a better result and more spectra are needed
in order to be sure that it is the right signal we observe and that the noise is suffi-
ciently small not to contribute to the signal. In this project no regard of any change
in Jupiter’s intensity were made, only the spectral effects of the transit are studied.

Even though knowing that the signal would be hard to detect, it was interesting
to investigate if it was possible. The belief that it could be possible to examine
Earth as an exoplanet this way was also shown in the fact that the observational
campaign was approved. According to the abstract of the proposal, he observations
would anticipate the technique of ground based telescopes and provide guidelines for
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future instruments: http://archive.eso.org/wdb/wdb/eso/abstract/query?ID=
9208320&progid=092.C-0832(A), 2016-05-24.

The Moon should not affect the spectra because it has no atmosphere. It does
take up a small part of the Sun’s disk, thus affecting the flux coming from the Sun,
but not the spectral features. During the observations the Moon was in a low phase
and far away from Jupiter on the sky so little light can contaminate the light coming
from Jupiter that reaches the telescope.

Sunspots, dark spots that sometimes appear on the Sun is a region colder than
the rest of the star. They corresponds to magnetic field flux that inhibit convection
and often appears in pairs with opposite polarity. During solar maxima when many
sunspots appear on the Sun, an increase can be seen in the incident UV light. During
the transit some sunspots were seen but they should not affect the result.

Jupiter does not have the most reflective surface because of its high rotational ve-
locity and turbulent atmosphere, but was chosen in this project because observations
of Jupiter were made in the IR. The atmospheric spectrum of Jupiter has absorption
lines from CH4, possibly from a stratospheric layer of crystalline H2O ice and NaI
(Montañés-Rodŕıguez et al. 2015). These lines affect the spectra but were removed
when dividing the spectra of in transit to after transit.

Europa, one of Jupiter’s moons, has a surface of water-ice making the moon very
reflective like a mirror. Europa was observed during the Earth’s transit, with other
instruments on both VLT and TNG. The instrument HARPS has a large wavelength
range but it does not stretch far enough into the infrared, where the interesting
molecular bands are located. This was one reason the observational data of Europa
was not analyzed. A second was that Europa has a very thin atmosphere of molecular
oxygen (Hall et al. 1995) which could have been seen in the analysis. Ganymede is
not as reflective as Europa, the surface consists of darker cratered areas and lighter
regions, but more so than Jupiter. Ganymede were also observed with HARPS and
does also have a thin atmosphere of molecular oxygen, presenting the same problems
as Europa (Hall et al. 1998).

Molaro et al. (2015) observed Europa and Ganymede during the Earth transit
in order to measure the Rossiter-McLaughlin effect and they discuss the opposition
surge effect. The Rossiter-McLaughlin effect is a phenomenon first observed as a
rotational effect in eclipsing binary systems. This can be seen during exoplanetary
transits as a small negative or positive anomaly in the radial velocity curve. This is
caused by the planet, when it selectively blocks out more of the star’s rotationally
blue-shifted light, when it passes over the star’s limb rotating towards the observer.
The planet then blocks out more of the star’s rotationally red-shifted light, when
it passes in front of the star towards the other limb. The opposition surge effect is
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brightening of a rocky celestial surface when it is observed from opposition. Typically
the Moon or an asteroid. Observed from opposition means that two celestials object
are on opposite sides of the sky viewed from Earth. During the transit Jupiter and
its moons are in opposition to the Sun. The increase of brightness is a function of
phase angle and becomes greater and greater as the phase angle of the observation
approach zero. Two theories have been proposed as a physical explanation and its
origin, shadow hiding and coherent backscatter. Molaro et al. (2015) notice an
anomaly in the radial velocity observed in the proximity of the Earth transit. They
argue that the opposition surge is the explanation. The photons from the Sun that
graze the Earth have smaller angles than photons that comes from other parts of the
solar disk. During the passage, the Earth acts as a lens and the light magnification
produces this radial velocity anomaly. So instead of receiving less radiation because
the Earth occults a part of the solar disk, there is an increase of radiation produced
by the enhancement of the opposition surge effect of the reflective body. But, as the
opposition surge is not fully understood, a quantitative prediction of the distribution
of light enhancement as a function of the angular distance from Earth’s position
cannot be made.

The opposition surge is often seen on airless bodies, the existence of opposition
surge on a body with significantly atmosphere have not been reported. But it is
possible that this could affect the result. The moon that is observed acts like a
mirror and enhances the radiation in the line of sight, making it look like more
radiation is observed at the region behind the Earth. This could, possibly, enhance
the signal from Earth’s atmosphere during the transit making it easier to detect.
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Chapter 6

Recommendations

Observations like these should be performed the next time Earth transits the Sun
seen from a planet in the Solar System. Transits are unique opportunities to examine
Earth as an exoplanet and to test the ground based conditions for instruments and
telescopes. Earth is the planet we know most about. So by observing it as an
exoplanet a comparison of what can be seen with what we known can be carried
out and then be applied to observations of exoplanets. With the development of
new instruments, the next transit will be observed with other conditions than in this
project.

The next Earth-transit will be seen from Saturn and this will occur in 2020. The
next transit between Earth and Jupiter will be in 2026, but it will be a grazing one,
making observations quite unfavorable. In 2024 to 2032 (and 2065-2072) one Earth-
transit will be seen from Uranus every year. This is because Uranus has such a wide
orbit compared to Earth, making it possible for Earth to return to the alignment
many times before Uranus has moved to a position breaking the alignment. The
same will happen for Neptune during the years 2081-2088. Transit times taken from
Rennie (2012).
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Chapter 7

Conclusion

In January 5 2014 the Earth made a transit as seen from Jupiter. Observations by
means of spectroscopy were made of Jupiter during this event. The spectra were
taken with the infrared spectrograph CRIRES at Cerro Paranal, Chile, during the
last part of the transit and after the transit. The geometry of the event was studied
and the goal was to see if Earth could be seen transiting from Jupiter. During the
transit the light from the Sun passes through Earth’s atmosphere twice, once on the
way to Jupiter and once on the way back to the telescope. After the transit the light
only passes through the atmosphere as it travels to the telescope. The detection of
this difference in the spectra was examined.

The raw data was downloaded from ESO’s archive and had to go through a reduc-
tion process. A combined 2d image was obtain from which extraction of the reduced
spectra were conducted. With the obtained spectra an analysis was performed. The
spectra were aligned and corrected for the telluric absorption lines. Then the mean
value of the spectra during the transit was divided by the mean spectrum after the
transit. This removed any spectral lines from Jupiter’s atmosphere and a residual
signal was obtained through division. This signal was compared to the telluric ab-
sorption lines in order to see if they correlated. The absorption lines of the residual
signal did correlate to some extent with the telluric lines. But the SNR of the spectra
was not sufficiently high in order to discern the signal from the noise and the residual
signal obtained was more prominent than would be expected from theory. Therefore
the conclusion drawn is that the signal is probably a remnant from the reduction/-
analysis process and not the signal from the light passing through the atmosphere
on its way to Jupiter.

So to answer the original question of this project: Can Earth transiting the Sun
be seen from Jupiter? It is not possible to detect that Earth is transiting the Sun
seen from Jupiter with the existing data.
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Appendix A
Geometry calculations with MATLAB.
%Spectroscopy o f an Earth t r a n s i t as seen from Jup i t e r
%J e n n i f e r S i lander , May 2016
%Geometry o f the problem
c l e a r a l l
c l o s e a l l

%Radii , un i t : Mm
rS =696; %Sun
rE =6.37816; %Earth
rJ =71.35; %Jup i t e r
rEA=6.47816; %Earth with 100km atmosphere
rM=1.7371; %Moon
%Mean d i s t anc e from Sun
aE=149597.871; %1AU
aJ =778327.8032; %5 .2AU
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
dS=2∗rS ; %diameter o f Sun
DS=aJ ; %d i s t anc e between Sun/ Jup i t e r
%angdimS=2∗ s i n (dS/2∗DS)ˆ−1
%2∗ s i n ((2∗696∗10ˆ6) /(2∗5.2∗149597871∗10ˆ3) )ˆ−1
arc secS =(206265)∗dS/DS
%arc sec to arc min
%arcminS=arcsecS ∗0.0167

dE=2∗rE ; %diameter o f Earth
DE=aJ−aE ; %Distance Earth/ Jup i t e r
arcsecE =(206265)∗dE/DE
%arcminE=arcsecE ∗0.0167

dEwa=2∗rEA ; %diameter o f Earth with 100km atmosphere
arcsecEA =(206265)∗dEwa/DE
%arcminE=arcsecEA ∗0.0167

dM=2∗rM; %diameter o f Moon
%Distance s e t to the same as to Earth
arcsecM =(206265)∗dM/DE
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percentageE = ( arcsecE / arc secS ) ∗100 %Earth
percentageM = ( arcsecM/ arc secS ) ∗100 %Moon( j u s t to see )
percentageEA= ( arcsecEA/ arc secS ) ∗100 %Earth with 100km atmosphere
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%D i f f e r e n c e in Flux
deltaFE=(rE/rS ) ˆ2 ; %Earth
deltaFM=(rM/rS ) ˆ2 ; %Moon
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%Area , Mmˆ2
AreaS=pi ∗ rS ˆ2 ;
AreaE=pi ∗rE ˆ2 ;
AreaEA=pi ∗rEAˆ2 ;
AreaAtmo=AreaEA−AreaE
Di f fArea=AreaAtmo/AreaS

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
rSa=arcsecS /2 ;
rEa=arcsecE /2 ;
rEAt=arcsecEA /2 ;
rMa=arcsecM /2 ;
%Plot as c i r c l e s
ax=gca ;
f i g u r e (1 )
v i s c i r c l e s ( ax , [ 0 , 0 ] , rSa , ’ LineWidth ’ , 1)
hold on
v i s c i r c l e s ( [60 , −80 ] , rEa , ’ EdgeColor ’ , ’ b ’ , ’ LineWidth ’ , 1)
hold on
%v i s c i r c l e s ( [60 , −80 ] , rEAt , ’ EdgeColor ’ , ’b ’ , ’ LineWidth ’ , 1)
%hold on
v i s c i r c l e s ([−30 ,−80] ,rMa , ’ EdgeColor ’ , ’ k ’ , ’ LineWidth ’ , 1)

%Plot as sphere s
f i g u r e (2 )
[ x , y , z ]= sphere ;
s u r f ( x∗ rSa , y∗ rSa , z∗ rSa ) ;
hold on
s u r f ( ( x∗rEa )+aE , y∗rEa , z∗rEa ) ;
hold on
s u r f ( ( x∗rMa)+aE , ( y∗rMa)−30, z∗rMa)
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Appendix B
IDL code for analysis process.
pro c r i r e s s p e c , f i t s f i l e , spec

f i t s r e a d , f i t s f i l e , im , hdr , /PDU, exten=3
imm=(im>0)<20
co r r=r e p l i c a t e ( 1 . d0 , 512 )
f o r i =60 ,470 do co r r [ i ]= t o t a l (imm[ ∗ , 2 5 5 ] ) / t o t a l (imm[∗ , i ] )
imm=imm∗( r e p l i c a t e (1 ,1024)#cor r )
o f f=db la r r (512)
f o r i =60 ,470 do begin

i f ( i ne 255) then begin
a l i gn 2 sp , imm[ 2 : 1 0 2 1 , i ] , imm[ 2 : 1 0 2 1 , 2 5 5 ] , o f f s e t , window=6,

s tep =0.01
o f f [ i ]= o f f s e t

e n d i f
endfor
o f f s e t=bottom ( o f f [ 6 0 : 4 7 0 ] , 4 , /POLY,EPS=0.01)
plot , o f f , xs =3, t i t= f i t s f i l e
oplot , indgen (411) +60, o f f s e t , c o l=c24 (3 )
wait , 0 . 1
immm=imm
x=dindgen (1020+12)−6
f o r i =60 ,470 do begin

s=(im [ 2 : 1 0 2 1 , i ] >0)<20
s =[ s [6− l i ndgen (6 ) −1] , s , s [1019− l i ndgen (6 ) −1]]
s2=s p l i n i t (x , s , /DOUBLE)
s=s p l i n t e r p (x , s , s2 , x [ 6 : 1025 ]+ o f f s e t [ i −60] ,/DOUBLE)
immm[ 2 : 1 0 2 1 , i ]= s

endfor
spec=median (immm, dimension=2)

end

f i t s t e m p l a t e=’ c r i r e s s p e c j i t t e r c o m b ’
sp=db la r r (1024 ,34)
f o r iphase =0 ,33 do begin

f i t s f i l e =f i t s t e m p l a t e+s u f f i x ( iphase , 4 )+’ . f i t s ’
c r i r e s s p e c , f i t s f i l e , spec
sp [∗ , i phase ]= spec

endfor
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s p r e f=median ( sp , dimension=2)
s c l=median ( sp [ 2 : 1 0 2 1 , ∗ ] / ( s p r e f [ 2 :1021 ]# r e p l i c a t e (1 , 34 ) ) , dimension

=1)
f o r iphase =0 ,33 do sp [∗ , i phase ]=sp [∗ , i phase ] / s c l [ iphase ]
s p r e f=median ( sp , dimension=2)
plot , sp [∗ , 0 ]+34 , xs=1
f o r iphase =1 ,33 do oplot , sp [∗ , i phase ]+34− i phase

a irmass =[2 .456 , 2 . 377 , 2 . 303 , 2 . 236 , 2 . 174 , 2 . 117 , 2 . 064 , 2 . 014 ,
1 . 969 , $

1 .926 , 1 . 886 , 1 . 849 , 1 . 815 , 1 . 783 , 1 . 754 , 1 . 726 , 1 . 701 ,
1 . 582 , $

1 .567 , 1 . 553 , 1 . 541 , 1 . 530 , 1 . 519 , 1 . 510 , 1 . 502 , 1 . 495 ,
1 . 489 , $

1 .484 , 1 . 480 , 1 . 477 , 1 . 475 , 1 . 473 , 1 . 473 , 1 . 4 7 3 ]
x=airmass
sp1=sp
f o r iw l =2 ,1021 do begin

y=reform ( sp [ iwl , ∗ ] )
c=p o l y f i t ( x [ 0 : 3 3 ] , y [ 0 : 3 3 ] , 1 , /DOUBLE)
y=y/ poly (x , c ) ∗c [ 0 ]
sp1 [ iwl ,∗ ]= y

endfor
s p r e f=median ( sp1 , dimension=2)
d i sp lay , sp1 [ 2 : 1 0 2 1 , ∗ ] / ( s p r e f [2 :1021 ]# r e p l i c a t e (1 , 34 ) )
stop

s p r e f 1=t o t a l ( sp1 [ ∗ , 0 : 1 6 ] , 2 ) /17
s p r e f 2=t o t a l ( sp1 [ ∗ , 1 7 : 3 3 ] , 2 ) /17
dv=psopen ( ’ r e s i d u a l s i g n a l . ps ’ ,/COLOR, /LANDSCAPE)
plot , s p r e f 1 [ 2 : 1 0 1 9 ] / s p r e f 2 [2 :1019 ]∗20 −19 , xs =1, th i ck=3&oplot ,

median ( sp [ 2 : 1 0 1 9 , ∗ ] / sp1 [ 2 : 1 0 1 9 , ∗ ] , dimension=2) , c o l=c24 (4 ) ,
th i ck=3&legend , [ ’ Ratio o f mean spec t ra in /out o f t r a n s i t
t imes 20 ’ , ’ T e l l u r i c spectrum ’ ] , l i n e =[0 ,0 ] , c o l=c24 ( [ 0 , 4 ] ) ,
th i ck =[3 ,3 ] , /BOTTOM

psc lo s e , dv
end
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