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“There are countless suns and countless earths all rotating around their suns in exactly
the same way as the seven planets of our system.
We see only the suns because they are the largest bodies and luminous, but their planets
remain tmuisible to us because they are smaller and non-luminous.”

— GIORDANO BRUNO, 1584
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Abstract

Biosignatures in the near-infrared spectrum of Earth’s atmosphere include the simul-
taneous presence of Oy, CHy, and HyO molecular absorption bands. These molecules are
important tracers of biological and atmospheric processes on Earth and provide useful
analogs for exoplanet studies. High-resolution infrared spectra of Earthshine were ob-
tained with the CRIRES+ instrument at the Very Large Telescope, which provides a
resolving power of R = 86,000-110,000 for full-slit illumination. At this level, individual
absorption lines can be resolved and studied in detail. Earthshine spectra contain the
integrated light of Earth’s illuminated surface and atmosphere reflected by the Moon.
Therefore, they are considered similar to the unresolved spectra that would be observed
from an exoplanet. In this work, Earthshine spectra were first divided by Sky spectra
to minimize telluric effects and isolate the true disk-integrated Earth signal. The molec-
ular absorption lines were then fitted with Gaussian profiles, and their properties were
studied statistically through amplitude distributions and Kolmogorov—Smirnov and An-
derson—Darling tests. The results show CH4 and Oy absorption features in the H band.
Overall, this study shows that high-resolution Earthshine spectroscopy can be used to
detect biosignature-related molecular features in disk-integrated spectra of Earth, and
that statistical analysis of absorption-line properties provides valuable understanding of
their detectability under exoplanet-like observing conditions.
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Chapter 1

Introduction

The search for life beyond Earth is one of the most fascinating questions in science.
Inspires curiosity within both the research community and among the public. In recent
decades, one of the main goals of exoplanet studies has been to find Earth-like planets
that locate within the so called habitable zone, where conditions could allow liquid water
to exist. Determining whether such planets might be habitable requires knowledge of their
atmospheres, particularly their chemical composition. The most direct way to access this
information is through spectroscopy, as molecular absorption and emission features leave
characteristic imprints in planetary spectra. In this way one can learn what gases are
present, how strong their signals are, and whether they may indicate biological activity.

Our planet, Earth, is the only planet we know host life. Therefore, to understand the
possibility of life beyond Earth, we must first learn from our own world; lessons that may
one day reveal whether we are alone in the universe. Earthshine offers a rare observational
perspective to study our planet as if it were observed from far away. This phenomenon
occurs when sunlight reflects off Earth, illuminates the dark portion of the visible Moon,
and is then reflected back to telescopes on Earth. The final spectrum contains light
integrated over the entire planet, combination of contributions from both the surface and
the atmosphere, and is therefore comparable to the unresolved spectra we obtain from
exoplanets. In fact, Earthshine reproduces the same viewing geometry that we will use
when observing exoplanets in reflected light [56].

Earthshine has been studied before, and features such as the vegetation red edge, ocean
glint, and strong atmospheric absorption bands have been detected, e.g., [4, [46, 52]. An
integrated spectrum of Earth has been obtained not only from the ground but also from
space missions. Examples include Galileo [61] and EPOXI [36], which both provided
disk-integrated spectra of Earth. In the infrared, EPOXI scanned its spectrometer slit
across the entire Earth disc and then summed the signal to create a globally integrated
spectrum. However, ground-based Earthshine observations have the advantage of being
more accessible and sustainable, since the Moon can be used as a natural mirror of Earth
without the need for a spacecraft. Another important advantage is that they offer a much
broader phase coverage compared to spacecraft observations such as Galileo or EPOXI,
which only observed Earth from a single or limited viewing geometry. As the Moon goes
through its phases, different parts of the illuminated side of the Earth become visible,
allowing us to observe Earth under many different lighting and viewing conditions. This
makes it possible to study how the overall brightness and spectral features of Earth
change with phase, helping us better interpret the reflected-light variations we might one
day detect from exoplanets.
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Figure 1.1: Leonardo da Vinci’s sketch from the Codex Leicester, where he first explained
the phenomenon of Earthshine in the early 1500s.

It is worth noting that the phenomenon of Earthshine was first correctly explained by
Leonardo da Vinci in the early 1500s. In his notebooks (Codex Leicester), he described
that the faint glow on the dark side of the crescent Moon is caused by sunlight reflected
from Earth back onto the Moon [I1]|. Figure shows one of his sketches that illustrates
this concept.

More recently, advanced radiative transfer models and spectropolarimetric Earthshine
observations have provided detailed simulations and measurements of Earth as an ex-
oplanet [70, [7T]. These models, developed by Emde and collaborators [I7] and then
extended by Roccetti et al. [50], introduce realistic cloud structures, surface reflectance,
and polarization effects. All of these provide a framework to interpret Earthshine data.
Together with spectropolarimetric observations, they show how features such as clouds,
ocean glint, and the vegetation red edge shape disk-integrated spectra.

Building on these earlier studies, this thesis investigates molecular features that are
directly relevant for biosignatures in the Earthshine spectra. While the initial focus of
this work was on Oy, OH, and CHy, the analysis was later broadened to include addi-
tional species such as H,O, CO,, and N5O. Their detection across different infrared bands
provides a more complete picture of Earth’s atmosphere as an exoplanet analog.

The analysis follows a systematic approach. Absorption lines were identified and fit-
ted with Gaussian profiles, and their parameter such as width, depth, and baseline offset
were collected to study their statistical distributions. To account for telluric contam-
ination, ratio spectra were constructed between Earthshine and Sky exposures, while
Earthshine-Earthshine and Sky-Sky divisions were used as controls. Statistical tools,
including cumulative distribution functions (CDFs), histograms, Kolmogorov—Smirnov
tests, and Anderson—Darling tests, were then applied. In addition, the observed features
were compared with model spectra developed by Emde et al. [I7] to test their consistency.

The goal of this work is therefore not only to detect biosignature-related molecules in
Earthshine, but also to measure their spectral properties, such as amplitude, width, and
profile shape, using statistical tools and compare them with model predictions.
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Chapter 2

Theory

Are we alone in the universe? This is not a question that only single field of science can
answer. To address this question, the beauty of astrobiology emerges from the convergence
of diverse scientific disciplines such as astronomy, biology, chemistry, and geology.

In this thesis project, I explore astrobiology from an astronomical perspective, focusing
on the development of a method to detect biosignatures in Earth’s integrated spectra.
Biosignatures, simply put, are traces left behind by life. To understand what we are
searching for, it is first essential to reflect on what life is. According to NASA’s definition,
“life is a self-sustaining chemical system capable of Darwinian evolution.” [49] [12] This
definition, combined with our current understanding of carbon-based life as the only
known example, strongly influences how we search for life in the universe today.

Now that life has been defined, we now turn to the traces it may leave, biosignatures
detectable in planetary spectra. Biosignatures have been widely discussed in the context
of exoplanet research as indicators of biological activity (e.g., [68] [67), 13]). These biosig-
natures form the main focus of this study. However, interpreting biosignatures requires
understanding the medium that shapes planetary spectra: the atmosphere. Earth’s atmo-
sphere absorption and scattering processes strongly influence Earthshine spectra. That is
why a short overview of the atmosphere is useful before moving on to biosignatures.

2.1 Earth Atmosphere

2.1.1 Composition and Structure of the Modern Atmosphere

As shown in Table [2.1] Earth’s atmosphere is made up largely of Ny, ~78% and O,, ~21%,
with smaller amounts of other gases. The gases that are interesting for biosignature studies
are only present in small amounts, such as H,O, COy, CHy, N,O, and O3. These trace
species, although present only in small amounts, leave characteristic spectral features that
can be detected with different observational techniques. For example, Turnbull et al. [76]
used the low-resolution CorMASS spectrograph (R ~ 300) and were able to see broad
bands of HyO, Oy, and CO,, as well as some weak CHy features in Earthshine spectra. In
contrast, CRIRES+ provides a much higher resolution (R ~ 86,000-110,000 for full-slit
illumination) that allows individual absorption lines to be resolved [58]. This capability
is essential for this thesis work, as it focuses on narrow spectral features such as O, and
CHy. It also shows how high-resolution spectroscopy can reveal fine details of atmospheric
composition that remain hidden at lower resolution.
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To interpret these spectral features correctly, it is also important to understand the
physical and chemical behavior of the gases, such as their residence times in the atmo-
sphere. The residence time of a gas describes how long, on average, a molecule stays
in the atmosphere before it is removed by chemical reactions, biological processes, or
physical mechanisms (see Table . Long-lived gases such as Ny and O, have residence
times of thousands to millions of years, which means they are well mixed throughout the
atmosphere and their concentrations remain fairly stable. In contrast, short-lived species
such as CO, HyO, or OH have residence times ranging from days to seconds, so their
abundances can change quickly with weather and local conditions. For this reason un-
derstanding residence times is important because it determines how a specific molecule
contributes to the observed absorption features in Earth’s spectrum.

Table 2.1: Major constituents and spectroscopically relevant trace gases of the modern
Earth’s atmosphere. Only gases that are dominant or important for biosignature studies
are included here. Values adapted from Wallace and Hobbs (2006)[&1].

Gas | Content Residence Major sources
time
N, 78.084% 1.6 x 107 yr Biological
09 20.946% 3000-4000 yr | Biological
COy | 0.042% 34 yr Biological, oceanic, combus-
tion
HyO | 0-4%  (vari- | ~10 days Evaporation, transpiration
able)
CH, | 1.7 ppmv 9 yr Biological, anthropogenic
N,O | 0.31 ppmv 150 yr Biological, anthropogenic
O3 10-100 ppbv | Days—weeks Photochemical
CO | 200 ppbv ~60 days Photochemical, combus-
tion,anthropogenic
OH | 0-0.4 pptv ~1s Photochemical

In addition to its gaseous components, the atmosphere contains solid and liquid par-
ticles, including aerosols, cloud droplets, and ice crystals. These components are highly
variable in space and time, and although they represent only a minor fraction of the total
mass, they exert a major influence on radiative transfer, cloud formation, and the spectral
characteristics of the atmosphere [35].

As can be seen in Fig. the temperature, pressure, and density in Earth’s atmo-
sphere all change with altitude, and they define the main atmospheric layers where specific
absorption lines originate. The troposphere, reaches up to about 10-15 km, contains most
of the atmospheric mass and almost all of the H,O. Above it, the stratosphere reaches up
to about 50 km and hosts the O3 layer. Here, O3 is mainly produced by the Chapman
mechanism: solar UV radiation splits O into atomic oxygen, which then recombines with
O, to form Oj. This process accounts for the majority of Earth’s O3 and produces a
temperature inversion that causes the stratosphere to warm with altitude [24] [50].
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Above the Oz layer lies the meso-
sphere, where the temperature decreases
again with altitude until reaching the
mesopause, the coldest region of the at-
mosphere. In the upper part of the ther-
mosphere, the temperature increases as a
result of the absorption of solar radiation
that causes the photodissociation of O,
and N, as well as the photoionization of
their atomic products. These processes
contribute to the heating of the upper at-
mosphere and mark the transition toward
the exosphere, where particles gradually
escape into space [81].

As pressure decreases exponentially
with altitude, the shape of absorption lines
also changes: in the lower atmosphere,
they are dominated by pressure broad-
ening, and they show wider Lorentzian

Figure 2.1:
structure of Earth’s atmosphere.
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Figure 2.2:

sphere, adapted from Vallis (2021) [7§].

Vertical mixing-ratio profiles of
selected atmospheric species in Earth’s atmo-

Not only do thermodynamic properties
change, but also chemical abundances vary
with altitude. The vertical distribution of
these species is often described in terms
of their mizing ratio, defined as the num-
ber of molecules of a given gas relative
to the total number of air molecules at a
given altitude [78]. As shown in Fig. 2.2]
H50O is highly concentrated in the lower
troposphere, with over 90% confined be-
low about 10 km. Its abundance, how-
ever, varies greatly in space and time; from
around 10 ppm in the coldest regions of
the atmosphere to as much as 5% by vol-
ume in hot, humid air masses [8I]. Oj is
another variable component of Earth’s at-
mosphere. Its concentration can fluctuate
on daily to weekly timescales. Its abun-
dance also varies with latitude and season,
mainly due to changes in incoming solar

UV radiation that control its photochemical production and destruction. In contrast to
the highly variable species such as H,O and Os, gases like CO5, CHy, and N,O are rela-
tively well mixed throughout the atmosphere, with nearly constant concentrations up to

about 80 km. [81].
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2.1.2 Absorption and Emission

Radiation interacting with Earth’s atmosphere is shaped primarily by absorption and
emission processes, both are directly relevant to Earthshine observations.

Molecular absorption occurs at discrete wavelengths determined by quantized en-
ergy transitions. In the infrared, the strongest features arise from vibrational modes
of molecules such as HyO, CO,, and CHy, while Oy contributes only weak IR features
[22] [40]. These narrow absorption lines are central to biosignature detection, since their
depth and profile provide direct information about atmospheric composition.

The atmosphere also produces emission, both thermal and non-thermal. A dominant
non-thermal contribution is airglow which arises from photochemical reactions and exci-
tations in the upper atmosphere. OH emission is particularly prominent at night, while
O, emissions are UV driven, therefore, stronger during the day [79]. In the context of this
thesis, absorption features in Earthshine spectra are the main focus, whereas emission
lines have been analyzed in complementary work by Uhlmannsiek (2023) [77]. Under-
standing both processes, however, is important for interpreting how molecular signatures
appear in the reflected and transmitted light from Earth’s atmosphere.

2.1.3 Scattering, Reflection, and Transmission

In addition to absorption and emission, Earthshine spectra are shaped by scattering, re-
flection, and transmission processes. Scattering of electromagnetic radiation occurs when-
ever radiation interacts with matter that is inhomogeneous on the scale of the wavelength.
This matter can be as small as a single electron, an atom, or a molecule, or as large as a
solid or liquid particle. When illuminated by an electromagnetic wave, the electric charges
inside the obstacle are set into oscillatory motion by the incident field. The accelerated
charges then reradiate energy in all directions, producing what is observed as scattered
light [6]. The dominant form of scattering in the visible is Rayleigh scattering, caused by
molecules much smaller than the wavelength of light. Its A=* dependence makes shorter
wavelengths scatter more efficiently, producing Earth’s blue sky and the reddening of the
Sun at sunrise and sunset [35].

At longer wavelengths, where particles are comparable in size to the wavelength, Mie
scattering becomes important. This is primarily caused by aerosols such as dust, sea salt,
or pollution, and results in broader, wavelength-independent scattering [6]. Mie scattering
modifies the continuum level of Earthshine spectra, especially in the near-infrared, where
absorption lines sit on top of a scattered background.

Emde et al. (2017) [I7] studied Earthshine polarization spectra observed with the
VLT /FORS?2 instrument and compared them with MYSTIC radiative-transfer simula-
tions. Their results showed that at wavelengths longer than about 750 nm, where aerosol
(Mie) scattering becomes stronger, the continuum polarization becomes flatter and higher.
In contrast, at shorter wavelengths, Rayleigh scattering dominates, and it produces a
steeper continuum. This change in scattering behavior affects the overall continuum level
of the Earthshine spectra.

Reflection from the Earth’s surface also contributes significantly to the total Earth-
shine signal. Oceans, land, ice, and vegetation all have distinct reflectance spectra, which
add to the combined Earthshine signal. For instance, oceans produce a generally dark
background except for glint at certain angles [55], while vegetation imprints the sharp
increase in reflectivity known as the Vegetation Red Edge (VRE) in the red part of the
spectrum (Fig. [4]. Snow and ice surfaces reflect light very efficiently across both
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the visible and near-infrared wavelengths, giving them a very high albedo. In contrast,
deserts and soils reflect more strongly in the near-infrared than in the visible part of
the spectrum [35]. Clouds, through multiple scattering, raise the total planetary albedo
and simultaneously dilute the narrow molecular absorption features that originate from
transmission through the lower atmosphere [32]. Together, these surface and atmospheric
processes shape the continuum level and the apparent depth of absorption lines seen in
Earthshine spectra.

Finally, transmission through the atmosphere is what shapes the absorption bands
themselves. Light that travels longer atmospheric paths (higher airmass or multiple re-
flections in Earthshine) experiences stronger attenuation [66]. This combination of scat-
tering, reflection, and transmission creates the baseline on which individual absorption
lines appear and explains why Earthshine spectra differ systematically from direct solar
or Sky spectra.

2.2 Biosignatures

In astrobiology, a biosignature is broadly defined as an object, substance, or pattern
whose origin specifically requires a biological process [14], 65]. In the context of exoplanet
research, this typically refers not to the direct detection of life, which remains far beyond
the capability of current technology, but rather to the identification of indirect evidence
consistent with biological activity.

Related terms in the literature are sometimes used with different emphases. The word
biomarker, common in geology and paleontology, refers to traces of past or present bio-
logical activity preserved in rocks, fossils, or other materials [72]. By contrast, technosig-
natures describe observable features specifically associated with advanced technology or
intelligent life [73]. This work focuses solely on biosignatures detectable through planetary
spectra, leaving out biomarkers and technosignatures.

Although there is no universally accepted classification, biosignatures are often grouped
into three categories proposed by Meadows: gaseous, surface, and temporal [44]. Gaseous
biosignatures arise from the activities of living organisms within a planet’s atmosphere,
surface biosignatures appear in the light reflected from life forms, and temporal biosigna-
tures are changes over time linked to a planet’s biological processes. In this thesis, the
focus will be on gaseous biosignatures, since these are directly measurable with CRIRES+
infrared spectra, while surface and temporal biosignatures will be briefly introduced for
completeness.

2.2.1 Gaseous Biosignatures

Atmospheric gases in a planet’s atmosphere are often the first things one can target when
searching for biosignatures. Unlike surface or temporal signatures, they can be detected
at astronomical distances through spectroscopy at interstellar distances.

To understand what kinds of gases might work as biosignatures, it is useful to look
at Earth’s atmosphere and see how life has shaped its present composition. As discussed
in Section 2.1} Earth’s atmosphere is dominated by Ny and O, with trace gases such as
H,0, CO,, CHy, and N,O that are particularly relevant to biosignature studies [9]. These
trace gases are interesting because many of them are linked to biological processes. What
makes them even more meaningful is when they appear together in ways that are out
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of chemical balance, for example O, and CH, existing at the same time. This kind of
disequilibrium is hard to explain without life producing and maintaining it [37] [33].

It is important to remember that Earth’s atmosphere did not always look like it does
now. It has undergone major transformations over geological time. In the distant past,
O, was almost absent while CH, was more common [29], which shows the focus should
not be limited to thinking only of Earth’s present-day atmosphere. Around 2.3 billion
years ago, the Great Oxidation Event caused a major shift as Oy started to accumulate
due to photosynthetic life which led to intense changes in atmospheric chemistry and
potential biosignatures [39] [7]. Even after this event, O levels fluctuated for long periods
before stabilizing near modern values [39]. These examples illustrate that planets can go
through very different atmospheric stages, and life might still be possible under conditions
unlike today’s Earth. However, initiating the exploration of gases in the atmospheres of
exoplanets with Earth-like compositions provides a reasonable starting point.

Another point to consider is the radiation from the host star, which can change how
long biosignature gases survive in the atmosphere. Around M-dwarf stars, for example,
lower UV radiation means gases like CH; and N,O can stick around for long times and
it is more probable to detect them [69, 59]. On the other hand, a planet with strong UV
flux might destroy these gases more quickly, so their atmospheric abundance level reduces
below observable levels [45]. Therefore, the absence of a certain gas in an atmosphere
does not automatically mean the planet has no biosignature gases or life. It could simply
mean that the biosphere is there, but its gases have short photochemical lifetimes and fall
below detectability with our current observational capabilities.

Building on this, we can now delve into specific atmospheric biosignatures. While
O, and CHy form the central focus of this work because of their strong potential as
complementary biosignatures, other molecules detected in the dataset are also relevant.
Species such as HyO, CO5, NoO, and OH do not all qualify as direct biosignatures, but they
provide essential context for understanding Earth’s atmosphere as an exoplanet analog.
For this reason, each of these gases is briefly introduced below.

Molecular Oxygen (O-)

The presence of O, on Earth is almost entirely the result of photosynthesis. In particular,
oxygenic photosynthesis (OP) uses light energy to split water molecules, producing O, as
a by-product. The overall reaction is commonly written as:

COQ (g) -+ ZHQO + hy — (CHQO)Org —+ HQO + 02 (g) (21)

where (CH20),4 stands for organic matter, and hv the energy of the incoming pho-
tons, with A is Planck’s constant and v their frequency.

One concern with O, is that it can be removed by reactions with reduced gases released
from volcanoes. To keep a noticeable amount of Oy in the atmosphere, the rate at which
it is stored must be greater than the rate at which it is consumed. [§]

On Earth, small amounts of Oy can be made without life by photolysis, where solar
radiation splits oxygen-bearing molecules. However, this process is very slow and cannot
build up a significant amount of O,. This is because the distribution of UV energy
from the Sun both controls how much O, is made and how fast it is destroyed, while
geochemical sinks (such as reactions with reduced gases) remove what little O, is produced
[25]. Therefore, the high levels of O, in Earth’s atmosphere today are explained almost
entirely by life. Oy shows several strong absorption bands in the visible and near-infrared,
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most notably the A-band at 0.76 pm and the 1.27 pm band, which includes both monomer
and dimer (O9—O4) contributions [26], 54 62]. The latter falls within the CRIRES+ J-band

range used in this work.

Methane (CH,)

As for CHy, it is regarded as a potential biosignature mainly because it is produced by
living organisms known as methanogens on our planet, as shown in the following reactions:

where CH3COOH is acetic acid, a decay product from the fermentation of organic
matter. On Earth, methane is mainly produced through these two pathways: either by
respiring CO, with Hy as in Equation 2.2 or by disproportionating acetic acid as in
Equation Methanogenesis is an ancient metabolism that only Archaea are able to
perform, and it continues to be the main natural source of methane in Earth’s atmosphere
[74]. For this reason, methane is widely considered a potential biosignature gas, and its
coexistence with O, is viewed as one of the strongest indicators of life, since these gases
rapidly destroy one another and must be continuously replenished. This concept has
been proposed as a potential biosignature |e.g., 38|, 27 and continues to be discussed
in recent literature as one of the strongest indicators of biological activity [e.g., B3], [64].

However, CH4 can also be produced abiotically, meaning that its detection alone is
not sufficient to confirm life. Several abiotic mechanisms for methane generation have
been proposed, including geological and planetary processes, which are reviewed in detail
by Thompson et al. (2022) [75]. On Earth, however, such abiotic sources do exist, but
they are orders of magnitude smaller than the biological flux from methanogens. This
makes biology the overwhelmingly dominant source of atmospheric CHy [75]. What makes
CH, especially compelling as a biosignature is not its presence by itself, but its long-term
coexistence with oxidizing gases such as O5 or CO,, which is difficult to sustain without
biological activity.

CH,4 shows absorption features across the visible to mid-infrared, with the strongest
bands near 1.65 pm, 2.3-2.4 um, and 3.3 pm, and additional weaker bands in the visible
range. In the infrared, CH, absorption partially overlaps with HoO and N,O features,
and it creates detection challenges at low spectral resolution [64]. However, the 1.65 and
3.3 pm bands are strong enough to be observed at high resolution, especially within the
H and K bands of CRIRES+ used in this thesis work.

Nitrous Oxide (N,O)

N, O is primarily produced on Earth through biological activity, as an intermediate in the
incomplete denitrification of nitrate (NOj3) to Ny gas. A simplified scheme is:

With a relatively long atmospheric lifetime of ~110 years, N,O is nevertheless consid-
ered a promising biosignature because abiotic sources are extremely limited [611 69] £3].
Its pre-industrial abundance was ~270 ppb [48], with higher modern values due to an-
thropogenic activity. Photochemical models show that around M-dwarf stars, reduced UV
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flux allows N3O to accumulate more efficiently, potentially reaching higher concentrations
than on present-day Earth [69, 53, [60]. In this sense, NoO shows how both planetary and
stellar context must be considered when evaluating possible biosignature gases [43], 28].

N,0O shows absorption bands near 3.7 pm, 4.5 pm, and 7.8 pm, with several weaker
overtones between 1.3 and 4.2 pm [64]. Most of these features overlap with strong HyO,
CO,, and CH,4 bands. Thus it is difficult to detect NoO at low or moderate.

Other Contextual Species (H,O, CO,, OH)

Besides the primary biosignatures, several other molecules detected in the dataset are
important for providing atmospheric context. HyO, although not itself a biosignature,
is critical for habitability and climate regulation [29]. Its absorption dominates large
parts of the infrared spectrum and must be understood in order to correctly interpret
weaker features. CO, is another major greenhouse gas that regulates planetary climate
on long timescales and produces strong spectral bands that are relevant for comparative
planetology [0, 23]. Finally, OH, while not a direct biosignature, is a key product of
atmospheric photochemistry and it can still be useful as a tracer of the photochemical
processes that control Os and Og, which are both regarded as strong biosignature gases|83].
For these reasons, H,O, CO,, and OH are considered here as supporting species that help
place biosignature detections into a broader atmospheric framework.

2.2.2 Surface and Temporal Biosignatures

Living organisms can strongly affect a
planet’s surface spectrum. They do this
through pigments that absorb and reflect
light. One of the main impacts on a
planet’s surface is photosynthesis which
transforms stellar energy into chemical en-
ergy. Chlorophylls, the green pigments
present in photosynthetic organisms, cap-
: ture light energy. The high-energy elec-
Vit region | Inr-red regon trons, derived from chlorophylls, follow a
F_'__ sequence of electron carriers, and this leads
400 500 600 700 800 to the conversion of water and carbon diox-

favelength (nm) ide into glucose and Oy (a redox reac-

Figure 2.3: Schematic reflectance spectrum tion, as is typical in all life processes), see

showing VRE. (Credits: Charles Cockell) Eq. (2.1) [5]. As a direct result of photo-
synthesis, it is observable that one of the

well-studied surface biosignatures on Earth: the Vegetation Red Edge (VRE), see Fig.[2.3]
This distinct spectral characteristic arises due to the absorption patterns of chlorophyll,
primarily in the red spectrum between 690 nm and 730 nm [68] BT]. This phenomenon is
observable in the reflectance spectra of present-day Earth.

Red edge

Reflectance (arbitrary units)
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Figure 2.4: Gas abundance oscillations. These

data were obtained from the NOAA’s Earth Sys-
tem Research Laboratory.

Temporal biosignatures are ob-
servable fluctuations that indicate the
influence of a biosphere on a planet’s
environment [63]. These variations
can manifest as oscillations in gas
concentrations or alterations in the
planet’s surface reflectivity. One well-
known example is the seasonal varia-
tion in CO, concentration in Earth’s
northern hemisphere, linked to land
biosphere productivity influenced by
temperature and sunlight [30]. The
COg content of the atmosphere de-
creases in the spring as it is con-
verted into organic matter through

plant growth, while it begins to rise in fall and winter due to the decomposition of plant
matter (see Figure . Modeling these changes involves complexities linked to plane-
tary dynamics, such as axial tilt, orbital eccentricity, and surface heterogeneity. Thus,
detecting gas fluctuations of a similar magnitude to those observed in Earth’s present bio-
sphere will be a considerable challenge and is likely beyond the capabilities of upcoming

observatories.

While surface and temporal biosignatures represent important avenues for future re-
search, their detection is beyond the scope of this work. In this thesis, they are introduced

only for completeness.
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Chapter 3

Methods

In this chapter, the observational strategy and data reduction procedures adopted in
this thesis project are described. The description begins with the principle of Earthshine
observations, followed by an overview of the CRIRES+ instrument, the observational runs
at the VLT, and, finally the steps applied during data reduction.

3.1 Earthshine

Earthshine refers to the sunlight that is reflected by Earth onto the darker portion of the
visible Moon and then reflected back to Earth, where it can be observed with a telescope.
In this way, the Moon acts as a diffuse reflector (or simply a big mirror) that allows to
be measured the disk-integrated spectrum of Earth.

Because the light has passed twice through the Earth’s atmosphere, first on its way to
the surface or clouds, and again after being reflected back toward the Moon, the resulting
spectra contain strong atmospheric absorption features. The desired signal, analogous to
the disk-integrated spectrum of an exoplanet, corresponds to the light emerging from the
atmosphere after the first pass. The second pass introduces local telluric absorption that
must be corrected.

As illustrated in Fig. 3.1} Earthshine observations represent a disk-averaged signal that
includes both atmospheric transmission and surface reflection. Sunlight is first transmit-
ted and scattered in the Earth’s atmosphere, then reflected by Earth’s surface and clouds
toward the darker portion of the visible Moon of the Moon. The Moon reflects the light
diffusely back toward Earth, where it can be detected by a telescope on the nightside of
Earth. In practice, additional effects such as stray light contamination from the bright
lunar crescent complicate Earthshine observations, but these are not shown in the figure
for clarity.

Unlike direct observations of Earth’s atmosphere from space, Earthshine measure-
ments combine reflection from land, ocean glint, and cloud cover into a single unresolved
spectrum, similar to how an exoplanet would appear in distant observations.

3.2 The instrument CRIRESH

CRIRES+ (CRyogenic high-resolution InfraRed Echelle Spectrograph) is the upgraded
version of the original CRIRES instrument at the Very Large Telescope (VLT) in Paranal,
Chile. It provides very high spectral resolution, up to R ~ 86,000-110,000 for full-slit
illumination, in the near-infrared range between about 0.95 and 5.3 um, which covers
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Figure 3.1: Schematic illustration of the Earthshine geometry.

the Y, J, H, K, L, and M bands. The adaptive optics system (MACAOQO) corrects the
turbulent wavefront and provides diffraction-limited images at the focal plane; therefore,
it improves the sensitivity for point sources by about a factor of two. Thanks to the new
cross-dispersed design, CRIRES+ can record several spectral orders at the same time,
which was not possible with the old single-order CRIRES [19], [5§].

The instrument is equipped with improved detectors and a new calibration unit, in-
cluding a laser frequency comb, and uranium-neon lamps. It also uses adaptive optics to
improve the image quality. [I8] These features make CRIRES+ ideal for studying narrow
atmospheric absorption lines such as Oy, CHy, and other interesting molecules. For this
reason, it is an complete instrument for high-resolution Earthshine observations, where
resolving individual lines is essential for identifying biosignatures and distinguishing them
from telluric contamination.

3.3 Observations

The observations were performed during two runs, on 13—14 October and 12—-13 November
2021, but in this work, only the November dataset was analyzed. The raw data are
available in the ESO Science Archive [20], under program ID 0108.C-0927. The observing
strategy differed between the two nights. In October, the telescope remained fixed on a
single lunar position while the band-pass filters were exchanged sequentially. In November,
by contrast, a more systematic sequence was followed: for each filter in turn (K2148,
H1559, J1232, Y1028), the telescope cycled through all required positions. It began with
a Moonshine (MS) reference on the illuminated side of the Moon, followed by Earthshine
pointings close to the lunar center (ES Al) and near the limb (ES Bl). Subsequently,
three sky exposures were taken: Sky Al close to the lunar disk, Sky B farther away,
and Sky A2 again close to the disk. The sequence was then completed by returning to
Earthshine at the limb (ES B2) and finally near the center (ES A2). The full pointing
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scheme is illustrated in Figure [3.2
A detailed extract of the November observation log, including time, position, expo-
sure, and phase angle, is provided in Table [3.1]

12-13 November 2021
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Figure 3.2: Time and pointing position of the telescope relative to the Lunar center. The
black horizontal line represents the edge of the Moon.

As mentioned in Chapter 3.1, additional effects such as stray light contamination from
the bright lunar crescent complicate Earthshine observations. For this reason, Moonshine
observations are an important reference. Compared to Earthshine or Sky, they are dom-
inated by the solar spectrum with only a weak contribution from airglow. Since part
of the Moonshine is always scattered into the line of sight during Earthshine and Sky
measurements, having a direct Moonshine spectrum is important for separating the solar
and telluric components from the true Earthshine signal.

To illustrate the observing geometry during the J-band sequence, Earth and Moon
views were generated by using the Earth & Moon Viewer (Fourmilab; [80]). In Fig. [3.3]
panel (a) shows Earth as it appeared from the Moon at 00:37 UTC on 13 November
2021, corresponding to the start of J-band exposures. The display was set to From Moon
with an altitude of 384,400 km, using the NASA Blue Marble map. Panel (b) shows the
Moon as seen from Paranal Observatory (24°37°S, 70°24’W) at the same time, with the
display set to From Farth, the location fixed to Paranal, and the Lunar Reconnaissance
Orbiter texture was chosen. Together, the two images show the Earth-Moon configuration
responsible for the Earthshine signal observed in the dataset analyzed in this study. Also,
it can be seen from the Fig. [3.3] during the observations, Earthshine was dominated by
reflection from the Pacific Ocean, which was on the day side of Earth.

3.4 Data Reduction

The raw CRIRES+ data were reduced using the official ESO CRIRES+ pipeline, following
the procedure described in detail by Uhlmannsiek (2023) [77]. The reduction consisted of
several standard calibration steps. First, dark frames were subtracted to remove detector
bias and thermal signal, followed by flat-field correction to account for pixel-to-pixel sen-
sitivity variations. A bad-pixel map was applied, and non-linear or defective pixels were
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Table 3.1: Extract of the observation log for 12-13 November 2021.

Distance from

Name Filter Time (UTC) Moon center (") Exposure (s) Phase angle (°)
Moonshine K2148 23:53 - 60.0 95.6
Earthshine A1 K2148 23:56 809 300.0 95.7
Earthshine B1 K2148 00:07 924 300.0 95.7
Sky Al K2148 00:14 1022 300.0 95.7
Sky B K2148 00:19 1117 300.0 95.8
Sky A2 K2148 00:25 1011 300.0 95.8
Earthshine B2 K2148 00:31 924 300.0 95.8
Earthshine A2 K2148 00:37 805 300.0 95.9
Moonshine H1559 00:55 -2 60.0 96.0
Earthshine A1 H1559 00:59 809 300.0 96.0
Earthshine B1 H1559 01:05 906 300.0 96.0
Sky Al H1559 01:11 1016 300.0 96.0
Sky B H1559 01:16 1111 300.0 96.1
Sky A2 H1559 01:22 1021 300.0 96.1
Earthshine B2 H1559 01:27 999 300.0 96.1
Earthshine A2 H1559 01:33 814 300.0 96.2
Moonshine J1232 01:50 -1 60.0 96.3
Earthshine A1 J1232 01:52 805 300.0 96.3
Earthshine B1  J1232 01:59 914 300.0 96.3
Sky Al J1232 02:05 1015 300.0 96.4
Sky B J1232 02:10 1112 300.0 96.4
Sky A2 J1232 02:30 1014 300.0 96.5
Earthshine B2  J1232 02:36 929 300.0 96.6
Earthshine A2 J1232 02:42 809 300.0 96.6
Moonshine Y1028 02:56 1 60.0 96.7
Earthshine A1 Y1028 03:01 807 300.0 96.7
Earthshine B1 Y1028 03:04 915 300.0 96.8
Sky Al Y1028 03:10 1006 300.0 96.8
Sky B Y1028 03:17 1119 300.0 96.9
Sky A2 Y1028 03:22 1008 300.0 96.9
Earthshine B2 Y1028 03:28 913 300.0 96.9
Earthshine A2 Y1028 03:34 805 300.0 97.0

masked. Wavelength calibration was performed using exposures of uranium-neon (UNe)
lamps and a Fabry—Pérot etalon. Finally, the pipeline extracted one-dimensional spectra
from the raw two-dimensional echelle images.

Since the overall reduction strategy is identical to that of Uhlmannsiek (2023), the
process is not repeated here in full; instead, the following sections describe only the
analysis methods specific to this work. Figure [3.4] shows the reduced J-band spectra for
all Earthshine and Sky observations, excluding Moonshine. The three detector chips are
displayed to illustrate the overall data after pipeline calibration and extraction.
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(a) Earth as seen from the Moon at 00:37  (b) Moon as seen from Paranal at the same
UTC, 13 Nov 2021 (J band window). time (waxing phase with Earthshine).

Figure 3.3: Earth-Moon geometry during the J-band observations on 13 Nov 2021. Images
generated with the Earth & Moon Viewer (Fourmilab, John Walker).
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Figure 3.4: Reduced J-band spectra from all Earthshine and Sky observations (excluding
Moonshine), shown for detector chips 1-3.
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Chapter 4

Analysis

In this chapter, the analysis steps applied to the dataset are described, including the
preparation and normalization of the spectra, removal of sky contributions, identification
of molecular lines, and line fitting.

4.1 Preparation of Spectra

The starting point of the analysis was the one-dimensional spectra produced by the ESO
Reflex reduction pipeline [21]|, described in the previous chapter. These spectra consist of
flux as a function of wavelength for each of the three detector chips and all spectral orders
recorded in a given exposure. For every observing position (Earthshine, Moonshine, and
Sky), the reduced files therefore contained multiple spectral segments that covers the Y,
J, H, and K infrared bands.

4.1.1 Line List from Atmospheric Transmission

Before performing Gaussian fits, a list of candidate absorption features was required.
This was produced from an atmospheric transmission model which provides wavelength—
dependent transmission values across the infrared. Local minima in the transmission
curve were identified, corresponding to absorption dips due to molecular transitions. The
central wavelengths of these minima were written into a plain text file (1inelist.dat),
which was then used as the input catalog for subsequent line fitting.

4.1.2 Line Fitting Routine

Prior to fitting, the flux values were scaled to counts per second by using the EXPTIME
keyword in the FITS headers. Then, one-dimensional fits were performed around each
candidate wavelength listed in linelist.dat. For a candidate line center \*, a fitting

window:
A" —0.1nm,\"+0.1nm (4.1)

was defined. Within this interval, a Gaussian absorption profile on a constant baseline
was fitted:

F(X) =1+ offset — Aexp (—M> , (4.2)
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where A is the amplitude, p is the line center, and the continuum level is represented by
the offset. For a Gaussian absorption profile, the spread is characterized by the standard

deviation o. In spectroscopy, widths are commonly reported as the full width at half
maximum (FWHM)[82] 5], with the conversion:

FWHM
o=—.
2v/2In2

All Gaussian parameters—amplitude A, line centre u, FWHM, and baseline offset—were
free parameters and therefore required initial guesses. The following choices were adopted:

(4.3)

(i) Ap = max(F') — min(F) within the fitting window (where F is flux);

(ii) po equal to the midpoint of the window, o = %()\1 + A2)
with [A1, o] = [A* — 0.1nm, A* + 0.1 nm];

(iii) FWHM, = A*/R with R = 100,000;
(iv) the offset initialised to 0, then fitted freely.

In order to prevent the fitting routine from converging to unphysical values, parameter
bounds were applied. The amplitude A was restricted relative to the initial guess Ay
obtained from the flux range in the fitting window, such that

A € [0.1A, 4A,)].
The line center was constrained to remain within £0.05nm of the seeded wavelength,
p € [N —0.05, \* 4+ 0.05],
while the FWHM was limited to the given interval
FWHM € [0.005, 0.5 nm.

Finally, the continuum offset was allowed to vary within five times the estimated ampli-
tude:
offset € [=5Ay, 5A].

Fitting was carried out using scipy.optimize.curve_fit, and returning best-fit pa-
rameters and their covariance. For each accepted fit, the following quantities were written
into an output file: line center, amplitude, FWHM, offset, least squares, and parameter
errors.

A minimum of ten spectral pixels was required within the fitting window. Candidate
lines with fewer points were skipped, since such sparse sampling would not provide a
stable or reliable fit. Lines with FWHM ¢ [0.02,0.5] nm were rejected, as were fits with
a reduced squares greater than 2.0. The routine automatically produced one output file
per exposure (e.g. fit_results_ESA2_H.txt).

The fit statistic implemented in the code was defined as:

1 (Fdata - FWmodel)2
LSQ2, = — 4.4
Q v v Z Fmodel ’ ( )
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where v is the number of degrees of freedom. This is not equivalent to the standard
reduced chi-squared,

1 Fdaa_Fmodel2
g = 3 B ™ Foaa) (45)

v 2

where o denotes the noise level in line-free regions. The current form should therefore
be regarded as a least-squares statistic. The reduced chi-squared statistic requires known
uncertainties oy for each data point, which were not available for the spectra used in
this analysis. As the noise level could not be reliably estimated for individual pixels, the
X2 statistic would not provide meaningful weighting of the residuals. Therefore, a least-
squares (LSQ) approach was applied, minimizing the squared differences normalized by
Fl0de1, to ensure stable fits in the absence of precise error estimates.

Examples of individual fits are shown in Fig. f.T| while the total numbers of accepted
fits in each band and observation are listed in Table In total, a few thousand lines
passed the acceptance criteria across all bands. These fitted parameters provide the
starting point for the following analysis.
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(a) Example fit 1. The black curve is the ob-

served spectrum; the red curve is the best-fit

Gaussian within the fitting window.
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(b) Example fit 2. Same conventions as panel @

Figure 4.1: Gaussian line-fit examples. Black: observed spectrum. Red: best-fit Gaussian
over the defined window.
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Table 4.1: Number of accepted Gaussian fits per exposure in each band.

K band H band
ESA1 111 ESA1 129
ESA2 127 ESA2 169
ESB1 126 ESB1 172
ESB2 146 ESB2 198
MS 16 MS 21
SkyAl 121 SkyA1l 195
SkyA2 132 SkyA2 242
SkyB 156 SkyB 212
TOTAL 935 TOTAL 1338

Y band J band
ESA1 94 ESA1 188
ESA2 117 ESA2 209
ESB1 129 ESB1 230
ESB2 129 ESB2 219
MS 11 MS 11
SkyAl 117 SkyAl 251
SkyA2 147 SkyA2 218
SkyB 148 SkyB 267
TOTAL 892 TOTAL 1593

4.2 Statistical Analysis of Fit Parameters

After collecting all accepted Gaussian fits, the next step was to analyze the distributions of
the fitted parameters. For this purpose, histograms and cumulative distribution functions
(CDFs) were generated for four quantities: FWHM, amplitude, wavelength shift (A)), and
continuum offset. The histogram represents the frequency distribution of the quantities.
The CDF complements this by showing the cumulative fraction of lines below a given
value, which makes it easier to understand the analysis.

4.2.1 FWHM

The FWHM represents the measured width of each fitted spectral line. In practice, the
minimum width that can be observed is limited by the instrumental resolution, so the
resolving power of the spectrograph sets the natural reference scale for this quantity. The
resolving power of a spectrograph is defined as:

A

where A\ is the minimum wavelength separation between two resolved features. The
quantity A\ therefore sets the scale of the instrumental FWHM, such that

A
FWHMinst =~ E (47)
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At R ~ 100,000 for CRIRES-+, the instrumental contribution to the line width is
of order AX ~ 1072nm. For example, in the J band at A ~ 1250 nm, the expected
instrumental width is

Ay 120
R 100,000

= 0.0125 nm.

This value represents the narrowest FWHM that can be measured, even for intrinsically
unresolved atmospheric lines, since the instrument itself broadens them to this scale.

In the fitting routine, this relation between FWHM and resolution was used to provide
a reasonable initial guess. For each candidate line, the initial width was set as shown in
Eq..

The fitted FWHM distributions for all four bands are shown in Fig. In all cases,
the values are broader than the instrumental lower limit, which means that the widths
are not only set by the resolution of the spectrograph, but also by additional effects.

In the Earth’s atmosphere, line broadening can happen for different reasons. Doppler
broadening is caused by the thermal motions of molecules, while pressure (collisional)
broadening becomes important at higher pressures [35]. Since the observed telluric ab-
sorption features are formed at different altitudes in the atmosphere, both Doppler and
pressure broadening can contribute to the measured line widths. In the upper atmosphere,
where the pressure is very low, Doppler broadening is expected to dominate, while for
lines that originate lower in the atmosphere, pressure broadening may become more rele-
vant. In practice, the fitted FWHM values therefore reflect a combination of instrumental
resolution and these broadening mechanisms.

Figure shows, for each band, the histogram of fitted FWHM (bars, left axis)
together with the cumulative distribution function (CDF; coloured lines, right axis). The
fitted line widths increase with wavelength: the Y-band distribution sits at the smallest
values, J shifts slightly to the right, and H and K are clearly broader, i.e., the CDFs
move rightward from Y to K. Within each band, the Earthshine and Sky samples overlap
closely, which indicates no systematic difference between observing positions. To sum up,
the plots indicate that the fitted widths are physically reasonable, increase as expected
with wavelength, and are consistent between the Earthshine and Sky datasets.
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Figure 4.2: Histograms and CDFs of fitted FWHM for Y, J, H, K bands.

4.2.2 Wavelength Shift (A))

The wavelength shift (A)) measures the difference between the fitted line centers and
the reference wavelengths from the linelist. This diagnostic was used to test for possible
systematic effects in the fitting procedure. A distribution centered around zero indicates
that the fitted lines are well aligned with the reference, while systematic deviations would
point to potential biases.

The histograms and cumulative distributions of A\ for the Y, J, H, and K bands are
shown in Figure In all cases, the distributions are narrow and centered close to zero,
and this suggests that the wavelength calibration and shifting routine worked reliably.
The scatter of the fitted line centers is typically within £0.01 nm.

A small Doppler shift could, in principle, be expected in the Earthshine spectra because
the absorption lines are produced on the dayside atmosphere (over the Pacific), which has
a non-zero rotational velocity toward the Moon. In contrast, the Sky spectra are formed
only in the local atmosphere above Paranal, which co-rotates with the telescope, so no
rotational shift is expected there. Therefore, in the CDF of wavelength shift one would
expect a larger shift for ES and almost no shift for SKY; again, in principle, this should
be detectable with CRIRES-, which has sufficient capability. It can be seen from the
following equations that the expected ES shift scales as

. QWR@
Veq = T )
where Rg = 6378 km is the Earth’s radius and 7' = 24 x 3600 s is the rotational
period. This corresponds to
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Veq A 464 mst.

The associated wavelength shift can be estimated from the Doppler formula

A=A,
c
which at A = 1000 nm gives

464
A\ ~ ﬁ % 1000 nm ~ 1.5 x 10~> nm.

As a result, at A = 1000 nm a 1.5 x 10~% nm shift is expected from Earthshine; with
CRIRES+ (R =~ 10°) such a shift is, in principle, detectable. However, in this dataset,
no shift is detected. In other words, there is no visible difference between CDF of the ES
observations and Sky observations in Fig{4.3]
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Figure 4.3: Histograms and CDFs of A\ for Y, J, H, K bands.
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4.2.3 Amplitude

The amplitude represents the depth of an absorption line relative to the continuum. It is
therefore a direct measure of line strength. Examining the amplitude distribution provides
a way to test whether certain observation positions, such as ESA1, ESA2, or Sky, produce
systematically stronger or weaker absorption. In addition, comparing the results band by
band allows one to determine whether these trends remain consistent throughout the all
spectral range or whether variations appear in specific regions.

Figure [£.4] shows the distribution of fitted amplitudes in the Y, J, H and K bands. It
can be seen that the Earthshine exposures (ESA1, ESA2, ESB1, ESB2) extend toward
systematically higher amplitudes compared to the Sky spectra (SkyAl, SkyA2, SkyB).
This behaviour is expected, since Earthshine light passes through the Earth’s atmosphere
twice. As a result, the absorption lines in Earthshine spectra appear deeper than in the
direct Sky observations.
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4.2.4 Continuum Offset

The continuum offset parameter that indicates the local flux baseline against which ab-
sorption lines are fitted. The continuum offset is directly linked to the amount of scattered
light present in the observations. Scattered light contributes an additional background
that increases the overall flux level without carrying absorption features, which leads to
higher continuum offsets. This effect is expected to be stronger in the Earthshine spec-
tra, where scattered contributions from the Moon and the Earth’s atmosphere are more
significant than in the direct Sky exposures. Figure [4.5 shows the histogram and CDF
of the fitted offsets for all bands that illustrates how the baseline levels differ between
observing positions, and between bands.
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Figure 4.5: Histograms and CDFs of fitted offsets for Y, J, H, K bands.
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4.3 Ratio Spectra

Direct Earthshine spectra are strongly affected by telluric absorption, as the light passes
twice through the Earth’s atmosphere before reaching the telescope. In Earthshine obser-
vations, only the second atmospheric pass, when the light re-enters the atmosphere on its
way to the observer, contributes to the telluric absorption that must be corrected. The
first pass, during which sunlight is transmitted through and reflected by Earth’s surface
and clouds, is considered part of the planetary signal to be measured. To correct for the
second-pass absorption, ratio spectra were constructed by dividing the Earthshine spectra
by the Sky exposures. Since both observations share nearly identical atmospheric trans-
mission during the second pass, most of the telluric absorption is cancelled in the ratio.
The remaining signal primarily represents the true Earthshine component, allowing the
real planetary spectrum to be isolated from the effects of the local atmosphere.

For each detector chip and spectral order, the valid wavelength range was taken directly
from the FITS headers. As described in Section the flux values were first scaled
to counts per second by dividing by the header keyword EXPTIME. Then, within the valid
range of each order, the flux of every exposure was normalized by dividing by the median
value, so that the local continuum is approximately unity on an order-by-order basis.

Rather than combining all available Earthshine frames into a single spectrum, only
selected exposures were used. Each selected Earthshine spectra were paired with the most
reliable Sky spectra, and ratio spectra were obtained by dividing Earthshine by Sky. Why
these combinations were chosen will be described in the following section.

4.3.1 Selection of Exposure Pairs

The first attempt to find the best pairs used the continuum offset diagrams (see Fig. 4.5)).
Focusing on the J band, the first candidate pairs were the extremes: the brightest Earth-
shine couple (ESA1/ESA2) and the darkest Sky couple (SkyA1l/SkyB). The expectation
for the ratio spectra was the following: since ES/ES and Sky/Sky should cancel their com-
mon signals, these diagnostic ratios would be featureless, while the main signal should
appear in the ES/Sky spectrum. However, as seen in Fig. , while Sky/Sky spectra
cancelled the ES/ES division spectra did not fully cancel; some residual features remained.
As a result, additional selection and stability checks were required.

To visualize the observation positions, Fig. [£.6D] shows the pointings: the y—axis is
the angular distance from the Moon’s centre (arcsec), the horizontal line marks the lunar
radius, times are UTC, and red circles highlight the frames used in the ratio spectra.

After the offset—CDF pairing gave unreasonable results, a trial-and-error procedure was
adopted. Several Earthshine pairs were tested while the Sky positions were kept fixed, as
it was already canceled. The final pair selected was (ESA2 and ESB2). In Fig. the
ES/ES diagnostic ratio is essentially flat, and it indicates that the background has been
cancelled. Therefore, the blue ES/Sky spectrum is interpreted as the true Earthshine
signal.
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The same procedure was applied to the H, K, and Y bands. The selected positions and
the resulting spectra for these bands are shown in Figs. 4.8 [4.10, and [£.11] While stable,
well-constrained ratio spectra were obtained for the H and K bands without any problem,
this was not the case for the Y band. Therefore, alternative Earthshine/Sky pairings were
tested; an example is shown in Fig.[4.9 However, the Y-band ratios remained inconsistent,
and a solution could not be achieved. Why the Y-band results may not be satisfactory is
discussed in the Results chapter.
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In Figs. [A.7al [4.8a] [4.9a] [£.10a], and [4.11a] the vertical lines represent the expected
positions of OH (black, solid), O (blue, dashed), and CHy (red, solid) transitions overplot-
ted on the ratio spectra. The OH and O, lines were taken from the airglow catalog, while
the methane transitions were obtained from the HITRAN spectroscopic database [I]. To
avoid clutter from negligible features, an intensity cut was applied to the methane catalog
lines (s, > 1 x 107%2), after which the per-species strengths were normalized to the max-
imum value within the plotted wavelength interval and mapped to the marker thickness.
In this way, thicker vertical lines correspond to stronger transitions, allowing the visual
impression of line density and strength to be directly linked to the underlying molecular
data.

The H band (Fig. is particularly interesting: even after applying the intensity
filter, a dense forest of CH, lines remains, and many of these red markers coincide with
clear absorption structures in ES/Sky, consistent with strong methane absorption in this
spectral region.

After this rough line detection analysis, it was required to perform Gaussian fits to
the ratio spectra in order to analyze the line identification in more detail. The strength-
weighted markers provided a first visual guide to the molecular features, but quantitative
fitting was needed to measure their positions, depths, and widths with higher precision.
This also allowed a statistical comparison across the different bands and observing po-
sitions. The following chapter is therefore devoted to a more detailed description of the
fitting procedure and subsequent analysis.

4.3.2 Line Fitting to Ratio Spectra

To extract quantitative information from the ratio spectra, Gaussian absorption profiles
were fitted to the candidate lines in the three ratio types: ES/Sky, ES/ES, and Sky/Sky.
Each spectrum was saved order by order and chip by chip, and the fits were applied
separately for every order on each detector chip.

The first attempt to apply the Gaussian fits used the same routine as for the raw
spectra. However, this approach did not succeed, since the ratio spectra are fundamentally
different from the raw exposures. In particular, the raw spectra were fitted without
normalization, while the ratio spectra were already normalized by construction. As a
result, the initial routine returned unstable or unphysical fits.

For this reason, a new fitting procedure was developed for the ratio spectra. In the
new approach, the fitting parameters were adapted so that they did not depend on the
guess amplitude derived from the local flux range, as was the case for the raw spectra (see
Eq.). Instead, constant parameter bounds and initial values were adopted.

The same Gaussian model used for the raw spectra was adopted for the ratio spectra
(see Eq((4.2)). The initial guesses were set as follows: the line width was tied to the
instrumental resolution, i.e. FWHM, = \*/R with R = 100,000; the amplitude was taken
as the local range of the ratio flux within the fitting window, Ay = max(F) — min(F);
and the baseline offset was initialized at 0.0. A narrow window was adopted around each
candidate wavelength, [A* — 0.07 nm, A* + 0.07 nm].
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Parameter bounds were:
€ [N —0.07, \* +0.07] nm,

FWHM € [0.005, 0.10] nm,
A €[00, 0.5,
offset € [—0.05, 0.05].

Overall, in the raw spectra, the same Gaussian model was used, but the fits were
run with a wider window, the parameter bounds were tied to whatever amplitude the
data suggested, and the allowed line widths were fairly loose. For the ratio spectra, the
approach was tightened: the bounds were kept fixed (not driven by the local amplitude),
and the search was confined to a narrower region around each line.

With these settings, a representative J-band case is shown in Fig. [£.12] The three
ratio types are on the same footing, so their parameters can be compared directly. The
same workflow was applied to Y, H, and K; only the J-band panel is shown here to keep
the presentation compact.

After the ratio—spectrum fits were completed, the line list was broadened beyond OH,
O,, and CHy to include HyO, NoO, and CO, (from HITRAN [I]). For each species, the
number of matched lines and their strengths were assessed using the fitted amplitudes as
a simple proxy. The full set of plots and the band—by—band comparisons are presented in
the Results chapter.
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Results

Chapter 5

Results

5.1 Molecular Line Identification

After the ratiofits, the molecule detection was expanded beyond OH, Os, and CHy to
include additional telluric species (HoO, NyO, CO,; from HITRAN [I]). Accepted Gaus-
sian fits from the ratio spectra (ES/Sky, ES/ES, Sky/Sky) were then collated order by
order and chip by chip. For each fitted feature, the central wavelength, amplitude, and
FWHM were retained. In parallel, species line catalogs were assembled. Catalog match-
ing was performed with a tolerance that scales with the fitted width. Concretely, a
catalog transition was accepted as a match to a fitted feature if |Agp — Acat| < Aior, with
Aol = FWHMg;.

Features with no qualifying neighbors in any catalog were collected in an OTHER. The
results were summarized statistically rather than line-by-line. For each species within the
covered interval, the distribution of matched amplitudes was shown as both a histogram
and an empirical cumulative distribution.

In Table the identified lines in every band are reported. As expected, OH was
found mainly in all bands, while CHy, CO,, and N5O were mainly detected in the H and
K bands.

Table 5.1: Number of identified molecular lines in each band and dataset.

Dataset Oz OH CHy; HyO CO; NyO | O OH CHy HyO COz N0

Y band H band
ES/Sky - 60 1 - - 12 &2 49 13 31 20
ES/ES — 47 6 — — 13 67 21 0 13 7
Sky/Sky - 56 - - 7 66 28 8 13 13
J band K band
ES/Sky 74 65 2 32 — — — 25 231 29 56 54
ES/ES 65 41 1 34 — - — 16 126 33 3 45
Sky/Sky 50 36 1 34 — — — 23 178 29 6 44
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5.2 Amplitude distributions of detected lines

The line identification showed that several molecules could be detected in the Earthshine
spectra. After this step, the statistical analysis of the amplitude distributions of the
detected lines was carried out. Figures b.4]p.5, and [5.6] present the distributions
for the Y, J, H, and K bands. Panels (a), (b), and (c) show the ratio spectra separately,
while panel (d) shows the overlay that makes it possible to compare the distributions
fairly. Alongside each species label in the legends, a matched counter reported how many
fitted features were associated with that species over how many catalog transitions fell
inside the wavelength range.

It can be seen from the figures that the amplitude of the ES/Sky spectra consistently
follows the same trend: it is systematically higher than both ES/ES and Sky/Sky. This
finding suggests that the Earthshine signal is indeed present. However, this trend does
not hold for the Y band. As mentioned before, even though multiple alternative exposure
pairs were tested, no successful result was obtained. From the Y band plots, it can be seen
that the ES/Sky amplitudes, which are expected to be higher than those of ES/ES and
Sky/Sky, never reached that level. Figure shows an alternative selection of exposure
pairs (ESA2 and ESB2), but in this case, the situation is even worse than in Fig. .1}
while in the first case at least the OH lines had higher amplitudes in ES/Sky compared
to ES/ES and Sky/Sky, in the alternative scenario both the OH and the other molecular
lines show lower amplitudes.

Another pair that was tested was ESA1 and ESA2 for the Y band. Even though these
exposures have approximately a 30-minute observation difference, they were still worth
testing since they correspond to the closest part of the Moon center. The idea was that
ESB1 and ESB2, being closer to the lunar edge, might not represent pure Earthshine but
rather include more sky contribution. However, after testing the ESA1 and ESA2 pair, the
outcome remained the same: the ES/Sky amplitudes were still lower than those of ES/ES
and Sky/Sky. Thus, no improvement compared to the previous selection. Figure
shows the result of this analysis. The individual plots are not included here, since the
overlay view already shows the main differences between the three datasets.

Even though the Y band was first included in the analysis, the results showed that it
is not suitable for a reliable comparison. The Y-band spectra contain only a few telluric
absorption lines, and the signal is much weaker than in the other near-infrared bands.
Also, the Moonshine contribution is stronger at shorter wavelengths, which can hide or
reduce the already faint Earthshine signal. In addition, small guiding or alignment errors
during the observations may have affected the flux stability in the Y band more strongly
than in the other bands.
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Figure 5.2: Y band alternative exposure pair (ESA2 and ESB2) amplitude distributions:
histograms with ECDFs by molecule. In panel (d), ECDFs are overlaid for the three ratios
(solid: ES/Sky; dotted: ES/ES; dashed: Sky/Sky). Colors indicate species.
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Figure 5.5: H band amplitude distributions. Panels (a)—(c): each dataset shown as
histogram with ECDFs by molecule. (d)—(e): ECDF-only overlays split by molecule
groups for readability (datasets distinguished by line style: solid = ES/Sky; dotted =
ES/ES; dashed = Sky/Sky).
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Figure 5.6: K band amplitude distributions. Panels (a)—(c): each dataset shown as his-
togram with ECDFs by molecule. Panels (d)—(e): ECDF-only overlays split into molecule

groups for readability (datasets distinguished by line style: solid = ES/Sky; dotted =
ES/ES; dashed = Sky/Sky).
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5.3 Distributional comparisons via Anderson—Darling
and Kolmogorov—Smirnov tests

After inspecting the empirical cumulative distributions of the line amplitudes, it was evi-
dent that the ES/Sky ratios systematically showed stronger absorption than both ES/ES
and Sky/Sky. However, visual inspection alone is not sufficient to establish whether these
differences are statistically significant. For this reason, a quantitative comparison of the
amplitude distributions was done by two tests: the Kolmogorov—Smirnov (KS) test and
the Anderson—Darling k—sample test. These tests check whether two samples come from
the same distribution. Both start with the same idea; the null hypothesis, which means
we first assume that the samples are from the same population. Then, depending on the
p-value, we decide if we keep or reject this assumption. The p-value is defined as “the
smallest level of significance that would lead to rejection of the null hypothesis (Hy) with
the given data.” [47] Therefore, it is necessary to set a threshold for the p-value, called
the significance level. In this analysis, the significance level was chosen as 0.05.

In the Anderson-Darling a larger A? value indicates that the distributions are more
different, whereas smaller or even negative values indicate that they are more alike [3], [2].
Similarly, in the Kolmogorov—Smirnov (KS) test, the test statistic KS ranges from 0 to
1 and it represents the maximum absolute difference between the cumulative distribution
functions of the two samples. [10] Values of KS closer to 1 indicate a large differences
between the distributions, while values near 0 imply strong similarity. As with the Ander-
son—Darling test, the associated p-value is used to assess whether the observed difference
is statistically significant.

In this work, the expectation was that the ES/Sky comparisons would yield large
A? values together with small p-values, consistent with the stronger absorption seen in
Earthshine. On the other hand, comparisons between ES/ES and Sky/Sky were expected
to give smaller or negative A? values with higher p-values, which would show the similarity
between the two datasets, as they both represent the noise. The same trend was expected
from the Kolmogorov—Smirnov (KS) test: larger K.S values and correspondingly low p-
values for ES/Sky, greater differences between the distributions, and smaller KS values
with higher p-values for ES/ES and Sky/Sky, consistent with their closer agreement.

The following tables (Tables , , and present the raw results of the
Anderson—Darling and Kolmogorov—Smirnov tests. In these tables, p-values smaller than
the chosen significance level of 0.05 are shown in bold. The bold results indicate that the
null hypothesis can be rejected. Therefore, the compared samples come from different
distributions. Some important results of these tests are discussed further below.

Even though it was already visible from the plots that the amplitudes in the Y band
behaved abnormally, with the ES/SKY amplitudes being lower than both ES/ES and
SKY/SKY, it was still worth checking the statistical results. Table shows that in
the Y band, only the OH and Other categories were detected. All OH distributions
appear similar to each other, and all other group distributions show the same behaviour
across datasets. This further confirms that the Y-band analysis does not provide reliable
information. As a result, the amplitude distributions and ratio spectra in this band do
not show clear molecular patterns, and no significant differences were found between the
Earthshine and Sky data. Therefore, the Y band was excluded from the main analysis,
and the focus was placed on the J, H, and K bands.
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Table 5.2: Anderson—Darling (AD) and Kolmogorov—Smirnov (KS) tests for Y band am-
plitude distributions. Boldface indicates p < 0.05.

Molecule Comparison A? P ‘ KS P (n1,n2)

OH ES/SKY vs ES/ES 0.526 0.201 0.220 0.130 (60, 47)
ES/SKY vs SKY/SKY  -0.680 0.250 | 0.123 0.718 (60, 56)
ES/ES vs SKY/SKY  0.185  0.250 | 0.214 0.161 (47, 56)

Other  ES/SKY vs ES/ES 4632 0.00471 | 0.084  0.00508 | (908, 791)
ES/SKY vs SKY/SKY 117.530  0.001 0.300 4.24 x 10734 | (908, 792)
ES/ES vs SKY/SKY 78.099  0.001 | 0.251 2.81 x 10~22 | (791, 792)

Table 5.3: Anderson-Darling (AD) and Kolmogorov—Smirnov (KS) tests for J band am-
plitude distributions. Boldface indicates p < 0.05.

Molecule Comparison A? P ‘ KS D ‘ (n1,n2)
(O] ES/SKY vs ES/ES 15.391 0.001 0.452 6.34 x 107 (74, 65)
ES/SKY vs SKY/SKY  1.950 0.0511 0.290 0.010 (74, 50)
ES/ES vs SKY/SKY 3.629 0.0111 | 0.300 0.0094 (65, 50)
OH ES/SKY vs ES/ES 8.844  0.001 | 0.393 5.31 x 10~* | (65, 41)
ES/SKY vs SKY/SKY  2.323 0.0361 | 0.326 0.0106 (65, 36)
ES/ES vs SKY/SKY 2.647  0.0268 | 0.350 0.0132 (41, 36)
H>O ES/SKY vs ES/ES 4.588 0.00489 | 0.450 0.0016 (32, 34)
ES/SKY vs SKY/SKY 1.084 0.117 0.248 0.215 (32, 34)
ES/ES vs SKY/SKY 2.581 0.0285 | 0.324 0.0564 (34, 34)
Other  ES/SKY vs ES/ES 7.153  0.001 | 0.139 3.78 x 10~4 | (513, 377)
ES/SKY vs SKY/SKY -0.272 0.250 0.064 0.278 (513, 436)
ES/ES vs SKY/SKY 8422  0.001 | 0.143 4.64 x 10~4 | (377, 436)
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Table 5.4: Anderson-Darling (AD) and Kolmogorov—Smirnov (KS) tests for H band am-
plitude distributions. Boldface indicates p < 0.05.

Molecule Comparison A? P ‘ KS D ‘ (n1,n2)
(o) ES/SKY vs ES/ES 8.761 0.001 0.833 1.15 x 10~* (12, 13)
ES/SKY vs SKY/SKY  6.055 0.00148 | 0.714  0.00976 (12, 7)
ES/ES vs SKY/SKY -0.355 0.250 0.286 0.734 (13, 7)
OH ES/SKY vs ES/ES 1.526 0.0762 0.180 0.155 (82, 67)
ES/SKY vs SKY/SKY  2.682 0.026 0.192 0.114 (82, 66)
ES/ES vs SKY/SKY -0.691 0.250 0.104 0.805 (67, 66)
CH, ES/SKY vs ES/ES 7457 0.001 | 0.469  0.00192 (49, 21)
ES/SKY vs SKY/SKY 8485  0.001 | 0.495 1.74 x 10~4 | (49, 28)
ES/ES vs SKY/SKY -0.957 0.250 0.155 0.900 (21, 28)
N>O ES/SKY vs ES/ES 1.928 0.0521 0.564 0.0434 (20, 7)
ES/SKY vs SKY/SKY 0.761 0.160 0.373 0.161 (20, 13)
ES/ES vs SKY/SKY -0.304 0.250 0.330 0.588 (7, 13)
COq ES/SKY vs ES/ES 4.727 0.00435 | 0.516 0.00891 (31, 13)
ES/SKY vs SKY/SKY 7.248  0.001 | 0.568  0.00283 (31, 13)
ES/ES vs SKY/SKY -0.323 0.250 0.308 0.588 (13, 13)
Other  ES/SKY vs ES/ES 922.082  0.001 |0.201 5.61 x 10~? | (606, 398)
ES/SKY vs SKY/SKY 23.320 0.001 | 0.179 9.16 x 10~8 | (606, 459)
ES/ES vs SKY/SKY  0.031  0.250 | 0.055 0.511 (398, 459)

Table 5.5: Anderson—Darling (AD) and Kolmogorov—Smirnov (KS) tests for K band am-
plitude distributions. Boldface indicates p < 0.05.

Molecule Comparison A? D ‘ KS D ‘ (n1,n9)
OH ES/SKY vs ES/ES 5117 0.00315 | 0.527  0.00522 (25, 16)
ES/SKY vs SKY/SKY 6.276 0.00124 | 0.456 0.00912 (25, 23)
ES/ES vs SKY/SKY -0.904 0.250 0.163 0.915 (16, 23)
CHy ES/SKY vs ES/ES 3.030 0.019 | 0.139 0.0763 (231, 126)
ES/SKY vs SKY/SKY 32.260 0.001 0.380 1.69 x 1013 (231, 178)
ES/ES vs SKY/SKY 15498  0.001 | 0.302 1.91 x 10~ | (126, 178)
H->O ES/SKY vs ES/ES 0.455 0.216 0.117 0.958 (29, 33)
ES/SKY vs SKY/SKY -1.328 0.250 0.034 1.000 (29, 29)
ES/ES vs SKY/SKY 0.626 0.182 0.121 0.944 (33, 29)
N>O ES/SKY vs ES/ES 0.369 0.235 0.237 0.107 (54, 45)
ES/SKY vs SKY/SKY -1.073 0.250 | 0.077 0.995 (54, 44)
ES/ES vs SKY/SKY 0.234 0.250 0.215 0.207 (45, 44)
COq ES/SKY vs ES/ES 5.124 0.00313 | 0.821 0.0176 (56, 3)
ES/SKY vs SKY/SKY  7.895 0.001 0.780 0.000684 (56, 6)
ES/ES vs SKY/SKY  -0.832  0.250 | 0.333 0.988 (3, 6)
Other ES/SKY vs ES/ES 2.722 0.025 0.048 0.0733 (1488, 1404)
ES/SKY vs SKY/SKY 0.016 0.250 0.037 0.233 (1488, 1558)
ES/ES vs SKY/SKY 7.754 0.001 0.069 0.00162 (1404, 1558)

60



Results

5.3.1 Results and interpretation of the statistical tests

As discussed above, the expectation from the ES/Sky, ES/ES, and Sky/Sky distributions
is that ES/Sky should differ from the other two in order to indicate the presence of a
signal. The results of the tests are shown only for the cases that met the criteria. To
ensure reliability, the criterion was made strict: a case was considered significant only if
it passed both the Kolmogorov—Smirnov (KS) and Anderson-Darling (AD) tests. The
same criterion was also applied to the ES/ES and Sky/Sky comparisons to confirm that
these internal consistency checks do not show significant differences, as they are expected
to represent similar noise behavior rather than an atmospheric signal.

Table 5.6: Molecules that pass both criteria.

Band Molecules

H Oz, CHy, CO2, Other
K OH, CO,

The applied criteria are summarized in Table[5.6] The molecules listed in the table are
therefore those for which both tests consistently indicate that the ES/Sky distributions
are statistically different from the reference ones. This means that these species show a
statistically significant Earthshine signal.

While CO, and OH are not considered biosignatures, Oy and CHy are among the most
promising ones, especially when they are detected together. The simultaneous presence
of oxygen and methane in a planetary atmosphere is of particular interest, since these
two gases are chemically unstable when coexisting and would quickly react to form CO,
and H5O in the absence of continuous replenishment. In this sense, detecting both O,
and CH, in the Earthshine spectrum indicates that the method is sensitive to potential
biosignature pairs, and that the observational approach is capable of identifying such
combinations in exoplanetary contexts as well.

Although this work is based on statistical comparisons instead of detailed line-by-line
modeling, it still provides a useful diagnostic for future studies. For exoplanet obser-
vations, the analysis will need to be more advanced, with each absorption line modeled
and fitted individually to the data. Still, the methods used here show that it is possible
to detect and confirm important molecular features in reflected light, which can help in
developing similar techniques for future habitable exoplanet research.
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5.4 Model-observation comparison

In order to place the observed Earthshine spectra in a broader context, a qualitative
comparison with synthetic radiative transfer simulations was performed. For this purpose,
line positions were compared with line-by-line models, and radiative-transfer simulations
kindly provided by Claudia Emde[I5] [I7]. The simulations were done using the MYSTIC
Monte Carlo code [41],[I5], which is part of the libRadtran radiative transfer library
[42], [16]. Earthshine simulations contain five main configurations: Earthshine clear,
Earthshine cloud, Sky clear, Sky aerosol, and Moonshine. However, in this work, only
Earthshine clear, Earthshine cloud, and Sky clear are used for comparison. For context,
the simulations comprised (i) Earthshine for a phase angle of 110° using a mid-latitude
summer atmosphere over an ocean surface (wind 10ms™), and a cloudy case with a
homogeneous cloud layer of optical thickness 5; the radiance reaching the Moon was
multiplied by a lunar albedo of 0.2; (ii) Moonshine as direct transmission from the top of
atmosphere to Paranal (solar zenith angle 35°) scaled by the lunar albedo; and (iii) Sky
radiance at Paranal altitude (2635m) for both clear-sky and an aerosol case including
a desert aerosol with optical thickness 0.1. The original results of these simulations are
presented in the Appendix (see Fig. [A.5]).

Before starting the comparison, the simulated spectra were convolved to match the
lower spectral resolution of the observations. This step was necessary because the syn-
thetic spectra were originally produced at a much higher resolution. To do this, a Gaussian
broadening was applied to the simulated spectra. After this correction, both spectra had
comparable resolution, allowing a direct and fair comparison.

First, the raw spectra from the simulations were compared with the raw observational
spectra, and then the ratio spectra were compared. For each molecule, the observed
ES/Sky ratio was compared with two modeled ratios: ESclear/Skyclear and EScloud /Skyclear.
With this approach, atmospheric conditions, such as the effect of clouds presence on the
absorption structure, can be analyzed.

The following figures show the comparisons for three molecular regions. In
the model spectra, the Earthshine clear and Earthshine cloudy cases show clear differences
in line depth. The absorption lines are deeper in the clear-sky model, because in the cloudy
case the light is mostly reflected from the upper parts of the clouds. This means it does
not travel through the full atmosphere below the clouds, so part of the absorption is
avoided. As a result, the molecular lines appear weaker in the cloudy model compared to
the clear case. This difference helps to understand how clouds can change the strength of
molecular lines in reflected light. It is worth noting that clouds do not affect all molecular
features in the same way; for example, H,O lines are more strongly affected by clouds
than O [57].

Figure[5.7]shows the comparison for the O, region near 1266 nm. The raw spectra look
quite similar to the model. However, in the ratio spectra, both absorption and apparent
emission features appear in the observations, whereas the model shows only absorption
features. The right-hand O, absorption line matches the model well, while the left-hand
line looks like an emission instead. This happens because the line is saturated. When a
line is saturated, both the Earthshine and Sky spectra drop close to zero at the line center.
If the Sky absorption is just a bit deeper, the ratio (ES/Sky) becomes slightly greater than
one, which looks like an emission feature. However, this is not a real physical emission;
it’s only a mathematical effect caused by the division of two very deep absorption lines.
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Figure [5.§ shows the comparison for the CHy region near 1640 nm. The overall line
positions and shapes in the observed spectra are roughly consistent with the model. The
ratio spectra show absorption features that can be recognized in both the clear and cloudy
Earthshine simulations, although in the observations the features are weaker and less well
defined. The cloudy model gives a slightly better match to the observed ratio, as it
predicts shallower features similar to those seen in the data. CHy lines do not reach
saturation like the strong O lines, since CH, is much less abundant in the atmosphere.

It is important to note that the cloud models used in this work assume a homogeneous
cloud layer, while in reality clouds are far more complex and unevenly distributed. Roc-
cetti et al.[57] presents the first study that simulates high resolution Earthshine spectra,
exploring in detail the role of cloud modelling. They present four different scenarios of
cloud structure: (i) a uniform layer, (ii) patchy liquid-water (LW) clouds, (iii) patchy
liquid- and ice-water (LW + IW) clouds, and (iv) a fully Earth-like model that includes
realistic 3D cloud fields. Their results show that how clouds are modeled has a big effect
on the continuum and on the depth of absorption lines like Oy and H,O. Simple homo-
geneous models usually make the absorption lines look deeper than they really are, while
more realistic 3D clouds give lower values but a truer picture of how Earth’s atmosphere
reflects light. Therefore, the comparisons presented in this thesis work should be regarded
as qualitative, while more realistic interpretations would require the use of full 3D cloud
simulations such as those developed by Roccetti et al. [57].

Figure [5.9] shows the comparison for the OH region near 1640 nm. In this wavelength
range, both OH emission and CH, absorption lines are present, which makes the inter-
pretation more complex. The model and the observed spectra both show the main OH
features, but their relative strengths do not match perfectly. The simulated Earthshine
spectra predict somewhat stronger OH emission than what is seen in the data, which
could be related to temporal variability of the airglow. Since OH emission originates in
the upper atmosphere, its intensity can change over short timescales (see Table . The
overlap with nearby CHy4 lines may also affect the apparent shape of the features in the
ratio spectra. Overall, the general structure of this region is reasonably reproduced by
the model, though small mismatches are expected due to the variability
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Chapter 6

Discussion and Conclusion

This study aimed to investigate Earth as an exoplanet analog by using infrared Earth-
shine spectra observed with the CRIRES+ spectrograph at the VLT. With a resolution
of R ~ 100,000, individual molecular absorption lines could be resolved and analyzed in
detail. The main goal was to detect biosignature-related molecules such as O, and CHy
and to understand how they appear in disk-integrated spectra of Earth.

The results indicate that the amplitude of the ES/Sky ratio spectra is systematically
higher than in the ES/ES and Sky/Sky ratios for the J, H, and K bands. This behavior
shows that the sky contribution was successfully minimized and that a residual Earth-
shine signal is still present in the ratios of ES/Sky. The strongest features were found for
O, and CH,, which together are considered one of the most important biosignature pairs.
Additional biosignature-related molecules such as N,O, as well as habitability-indicator
gases like HoO and CO,, were also identified to give a more complete view of Earth’s at-
mospheric composition. Comparison with radiative transfer simulations showed a general
agreement across the tested molecular regions. In the J band near 1266 nm, the right-
hand O, absorption line matched the model well, while the left-hand side deviated due
to saturation. In the H band near 1640 nm, the cloudy model reproduced the CH, ab-
sorption depth more realistically, and the main OH emission features were also captured,
though with different relative strengths likely caused by airglow variability.

In contrast to the other bands, the Y-band analysis did not show consistent results.
Even after testing several different exposure pairs, the ES/Sky amplitudes did not appear
higher than in the ES/ES and Sky/Sky ratios, as would be expected if the Earthshine
signal were clearly present. This may be related to lower signal-to-noise, stronger con-
tamination, or problems during the observing session.

A small Doppler shift caused by Earth’s rotation was theocratically expected in the
Earthshine spectra, but it was not detected. This could be due to the limited number of
exposures or the mixing of signals from different parts of Earth’s illuminated surface.

Overall, this work shows that high-resolution Earthshine spectroscopy can be used
to detect biosignature-relevant molecules in integrated Earth spectra. The statistical
comparison of amplitude distributions supported the interpretation that the Earthshine
spectra contain additional features consistent with a real planetary signal, different from
atmospheric effects.

This analysis also contributes to the preparation for future exoplanet characterization
missions, which aim to detect and study terrestrial planets through their NIR spectra.
Understanding how biosignatures appear in Earth’s integrated spectra is a necessary step
before applying similar methods to unresolved exoplanet observations. In this sense, the
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present work provides an observational benchmark for future high-resolution studies of
planetary atmospheres.

For future work, it would be better to analyze the data line by line instead of only
using statistical distributions. In the current study, CH, and O, in the H band showed
statistical importance; however, which exact lines contributed to this signal is not yet
known. Identifying the individual lines responsible for these results would be the next
step. This line-by-line approach would provide a clearer understanding of the ES/Sky
spectra, and once established, the same methodology could be extended to exoplanetary
observations. In addition, working with more detailed cloud simulations could improve
the model-data comparison. Such detailed knowledge will be essential for future applica-
tions to exoplanets, where each detected line will provide valuable information about the
planet’s atmospheric composition and potential biosignatures. In this sense, this thesis
serves as a first step and a guide showing where and how to look for biosignature features
in high-resolution reflected-light spectra.
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Appendix A

Full spectra and Simulations
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A.1 Y-band full spectra
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Figure A.1: Full Y-band spectra from 13 Nov 2021. Top: ESA/ESB & Sky frames.
Bottom: MS frame.
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A.2 J-band full spectra
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Figure A.2: Full J-band spectra from 13 Nov 2021. Top: ESA/ESB & Sky frames.
Bottom: MS frame.
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A.3 H-band full spectra
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Figure A.3: Full H-band spectra from 13 Nov 2021. Top: ESA/ESB & Sky frames.
Bottom: MS frame.
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A.4 K-band full spectra
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Figure A.4: Full K-band spectra from 13 Nov 2021. Top: ESA/ESB & Sky frames.

Bottom: MS frame.
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A.5 Radiative Transfer Simulations
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Figure A.5: Original synthetic spectra produced by the radiative transfer simulations.
Each plot shows five inputs: Earthshine clear, Earthshine cloud, Moonshine, Sky clear,
and Sky aerosol.
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