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Lay Abstract

Understanding what planets are made of helps us learn how they form. Since planets
and their stars are created from the same materials, we can study a star’s compo-
sition to learn more about the planets that orbit it. Measuring the abundances of
planet-forming elements like magnesium, silicon, and iron is routinely performed for
Sun-like stars, but the task proves to be much more difficult for smaller, cooler stars
like M dwarfs. M dwarfs are very common and host most of the super-Earths within
the Milky Way that could potentially support life, so studying them is crucial. My
Master’s thesis focuses on developing a method to accurately measure the elemental
abundances in M dwarfs using high-resolution spectra taken at infrared wavelengths
where M dwarfs emit most of their light. My work is helping to improve our under-

standing of the composition and formation pathways of exoplanets around M dwarfs.
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Abstract

Measuring accurate stellar abundances of planet-forming elements is critical to our
understanding of exoplanet compositions and their formation processes. While these
values can be reliably derived from optical spectra for FGK-type stars, the recovery
of accurate abundances for M dwarfs is complicated due to persistent discrepancies
between models and observed spectra, such as blended absorption features and broad
molecular bands that obscure the continuum. These lingering uncertainties in M
dwarf chemical compositions inhibit our ability to accurately model the interiors and
atmospheres of exoplanets around M dwarfs. To address this issue, we have built a
custom framework to extract elemental abundances from the spectra of cool stars via
the spectral synthesis method. We showcase our methodology as well as the derived
elemental abundances for a pair of cool stars. SPIRou, with its high spectral resolution
and broad near-IR wavelength range, is the ideal instrument to help mitigate the
difficulties present in the recovery of M dwarf elemental abundances. By combining
the capabilities of SPIRou with our framework, we are well equipped to ensure the
accuracy of derived elemental abundances in M dwarfs. Our results will ultimately
be applied to planet-hosting M dwarfs in order to place strong constraints on the
planets’ refractory and volatile abundances, both of which are important diagnostics

of planetary formation histories and interior compositions.
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Chapter 1

Introduction

A common saying in exoplanetary astronomy is “know thy star, know thy planet”.
Because planets and their host stars are formed from the same surrounding nebula,
we can speculate that their primordial compositions will be intimately connected.
This approach allows us to use the present-day stellar composition as a proxy for
the planetary interiors, assuming that it has not been altered by stellar evolutionary
effects or complex disk chemistry (Adibekyan et al., 2024; Sharma et al., 2024). Not
only that, the properties of the host star will have a direct effect on the types of
planets that form, as well as their surface conditions and habitability (Hinkel et al.,
2024).

Exoplanet discovery missions like Kepler (Borucki et al., 2010) and the Transiting
Exoplanet Survey Satellite (TESS; Ricker et al. 2015) have allowed astronomers to
confirm the existence of over 5,700 exoplanets so far (NASA Exoplanet Archive). As
the field moves forward, there will be a greater focus on detailed studies of individual
planets and the role their host stars play in their development and habitability. There

are several ways we can take advantage of this planet-star connection to inform our
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understanding of exoplanets, which we will explore in the following sections.

1.1 Breaking Interior Degeneracies

To understand the formation processes and accretion history of exoplanets, measure-
ments of their interior composition are necessary. The interior composition of a planet
influences whether it has certain characteristics needed to sustain life, such as a mag-
netic field or plate tectonics (Foley and Driscoll, 2016). For instance, the Earth’s
molten iron core generates the magnetic field which helps to shield us from the solar
wind. The interior compositions of exoplanets are not directly observable and so,
we must rely on a small set of physical parameters to constrain their bulk composi-
tions. By using planetary mass and radius as two accessible observables, theoretical
mass-radius curves can give us information about the interior structures of exoplan-
ets through bulk density calculations (Briigger et al., 2018; Noack and Lasbleis, 2020;
Seager et al., 2007; Sotin et al., 2007). However, measuring mass and radius alone
can lead to large degeneracies in interior compositions of hydrogen, water, and metal,
because different compositions can reproduce the same mass and radius (Dorn et al.,
2019; Kossakowski et al., 2021; Rogers and Seager, 2010; Unterborn et al., 2023). Such
a case was observed in the early days of exoplanet discovery with GJ 436 b (Butler
et al., 2004). This Neptune-sized exoplanet was originally conjectured to have the
same composition as Neptune due to their similarities in both mass and radius (Gillon
et al., 2007; Torres et al., 2008). However, it was shown not long afterward that it
could instead have a large iron core with an H/He envelope rather than being an icy
ocean planet (Adams et al., 2008). A recent study by Schlichting and Young (2022)

also showed that the mass-radius relation for super-Earths and sub-Neptunes can be
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significantly impacted by the presence of other light elements within iron-rich cores.

The example of GJ 436 b perfectly illustrates the necessity of using additional ob-
servables to constrain these models. For example, recent years have seen astronomers
using the newly launched JWST to study the starlight passing through a planet’s
atmosphere in order to characterize its composition (Rustamkulov et al., 2023). Al-
though emission spectroscopy can provide valuable insight into the presence and com-
position of a planet’s atmosphere, one still needs the context of the star to provide
a holistic picture of the planet’s formation history and evolution. Furthermore, it is
impossible to directly observe the interior structure of exoplanets. Even in the rare
case of having a fully characterized atmosphere, degeneracies will remain in the inte-
rior composition of rocky planets. As such, it is necessary to use the more accessible
composition from the stellar host to inform current interior structure models. Thus,
inferring planet-forming elemental abundances from the host star is critical for break-
ing these degeneracies (Bond et al., 2010; Dorn et al., 2015; Hinkel et al., 2024; Melo
et al., 2024). This technique has been used in previous studies where the measured
relative stellar abundances were used to constrain bulk compositions of super-Earths

and sub-Neptunes (Brugger et al., 2017; Dorn et al., 2017; Putirka and Rarick, 2019).

1.2 How Elemental Ratios can Inform Planet For-
mation

While the planet-star relationship is often simply assumed in the literature (Dorn
et al., 2015), prior work has been done to cement this relationship. To summarise

findings, while stellar elemental ratios may be modified by time-dependent processes
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like diffusion and gravitational settling in stellar interiors, they remain largely un-
changed. In the Solar System, the refractory ratios of Fe, Mg and Si in the terrestrial
exoplanets — save for Mercury — and CI-chondritic meteorites will correlate to the
compositions derived from the Sun with some caveats (Lodders, 2019). This picture
allows us to understand elemental abundances not just as current observations, but
as probes of the planet’s past evolution. The question to be asked now is: what do
trends of specific elemental ratios in the star tell us about planet formation pathways
and disk chemistry?

Compositions of both exoplanet interiors and atmospheres can provide key insight
into a planet’s formation pathway and migration history. These allow astronomers to
constrain formation mechanisms through examination of the composition as a tracer
of both accretion history and the dominant chemical processes. Determined by pri-
mordial composition and altered by formation processes, it is detecting the presence
— or lack thereof — and ratios of key chemical species that can help constrain their
formation, based on the theoretical elemental compositions from differing models.
For instance, we know that planets formed in the same disk can be expected to have
similar budgets of refractory elements as each other and the star (Thiabaud et al.,
2015), but can vary greatly in volatile elements like C, N and O, whose sublimation
temperatures are highly variable throughout the disk (Oberg and Bergin, 2016). The
reason for this is that refractory elements require a much higher temperature to evap-
orate, meaning that their condensation fronts are much closer to the stars compared
to volatiles (Helled et al., 2022; Wang et al., 2019). A few ratios play prominent
roles in helping us answer this question and will be expanded upon in their own sec-

tions: the carbon-to-oxygen (C/O) ratio on behalf of the volatile elements to better
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understand the structure, atmospheres and migration histories, magnesium-to-silicon
(Mg/Si) and magnesium-to-iron (Mg/Fe) on behalf of the refractory elements for the

mineralogy of exoplanets, as well as the role of alpha abundance enhancement.

1.2.1 Volatile Abundance Ratios

By comparing the planetary and stellar volatile element ratios, particularly that of
carbon-to-oxygen, we can gain crucial information about where planets originally
formed and migrated within the protoplanetary disk (Turrini et al., 2021). This is
because major molecules (i.e. HyO or CO) will freeze out at different radii in the
disk, known as “snow lines” (Oberg et al.,, 2011). During the later stages of for-
mation, models show that a wide range of C/O ratios and metallicities can exist in
planet atmospheres as a result of their migration and accretion across differing snow
lines (Madhusudhan, 2019). Giant planets that form via core accretion and migrate
through the disk will accrete oxygen-rich planetesimals, resulting in an envelope with
a super-stellar metallicity and a sub-stellar C/O ratio (Madhusudhan et al., 2016;
Oberg et al., 2011). Giant planets that form beyond the CO snow line that migrate
inwards after the disk has dissipated will instead have carbon-rich atmospheres with
sub-stellar metallicities and high C/O ratios (Oberg et al., 2011). Though nitrogen
is comparatively more challenging to observe in disks and exoplanetary atmospheres,
C/N ratios have also been shown to provide insight into planet formation processes
(Cridland et al., 2017; Ohno and Fortney, 2023b). The radial distance at which
the planet forms, in addition to its migration history, will set the level of enrich-
ment of volatile elements in its atmosphere (Madhusudhan et al., 2014; Schneider

and Bitsch, 2021). Atmospheric elemental ratios can be measured for sub-Neptune
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and hot Jupiters using transit spectroscopy techniques. The atmospheres of a few
sub-Neptunes have recently been studied with JWST via transmission spectroscopy,
revealing rich atmospheric chemistry including detections of H,O, CH4, CO,, and
even tentative biosignatures (Benneke et al., 2024; Madhusudhan et al., 2023; Mikal-
Evans et al., 2023). While such observations provide information about planetary
accretion history, they are only meaningful when placed in the larger context of the

star.

1.2.2 Refractory Abundance Ratios

Refractory abundance ratios play a crucial role in studying planet formation (Chachan
et al., 2023; Smith et al., 2024). Rocky planets are often assumed to be differentiated
into two layers: an iron-rich core and a rocky silicate mantle. This means that abun-
dance ratios of refractory elements like Mg, Si, and Fe can inform our constraints
for interior modelling, as these elements will often dictate the core-to-mantle ratio
(Delgado Mena et al., 2010; Santos et al., 2017a; Thiabaud et al., 2015). Most im-
portantly, because they can only be evaporated at high temperatures, they are not
strongly impacted by processes in the disk. As shown by the work in Thiabaud et al.
(2015), this means that the refractory ratios in planets are then identical to those
in the host stars. Specifically, Thiabaud et al. (2015) modelled the Fe/Si, Mg/Si,
and C/O ratios in the protoplanetary disk throughout the formation of rocky and icy
planets and found that it was specifically the Fe/Si and Mg/Si ratios that matched
between star and planet. As an extension of this idea, because magnesium is less
volatile than silicon, it is one of the best rock-building elements to compare with pri-

mordial compositions (Yakovlev et al., 2018). To help compare planetary and stellar
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compositions, we use the concept of a core mass fraction (CMF). Simply put, it is
the proportion of a planet’s total mass that is attributed to the core (Plotnykov and
Valencia, 2020). Because planetary cores are often assumed to be predominantly iron,
this concept is often tied together with that of an iron mass fraction, although the two
are distinct because some iron can persist within the silicate mantle (Plotnykov and
Valencia, 2020). For the star, one may extrapolate the equivalent of a planetary CMF
based on the measured stellar abundances. The core in this case is not the stellar core;
rather, it is the fraction of iron mass to the total mass of planetary-building elements
(Brinkman et al., 2024b). This will enable a better comparison between planetary
and stellar compositions, which represent the current and primordial compositions of
the system.

There have been several attempts to test the relationship of stars to planets ob-
servationally on a broader scale using confirmed exoplanetary systems. A key study
here is Plotnykov and Valencia (2020) which found a broader distribution of Fe/Si
and Fe/Mg ratios in rocky exoplanets than stars on a population level. Adibekyan
et al. (2021), also aiming to find a compositional link between the two using the iron
mass fraction of both star and planet, analyzed 21 rocky exoplanets orbiting FGK
stars using a stoichiometric model from Santos et al. (2017b). As shown in Figure
1.1, they found a correlation with a corresponding ratio greater than 4:1, meaning
the iron mass fraction within planets was much higher - likely indicating further pro-
cesses occurring within the disk. Schulze et al. (2021) investigated this using data
from 11 systems orbiting FGK stars, and they found that all but one planet had
abundance ratios that agreed to their host star within lo. Brinkman et al. (2024b)

likewise found similar abundance ratios in 6 planets to their Sun-like host stars by
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using high-precision RVs and comparing the ratios of iron to rock-building species
between the planet and star. While these studies restricted their samples to planets
with small errors on their mass and radii, it is important to note that these measure-
ments still have large uncertainties that can lead to discrepancies. Nevertheless, the

compositional link between star and planet has repeatedly been shown to exist.
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Figure 1.1: Figure from Adibekyan et al. (2021), where densities of rocky planets
are shown as a function of iron mass fraction, normalised to that of an Earth-like
composition. The iron mass fraction is based on the host star’s elemental
abundances. Solar System rocky planets are marked with black symbols, all using
the Sun’s iron fraction. The solid black line shows the correlation for the full
sample, while the dashed line excludes five potential super-Mercuries.

From a theoretical perspective, Bond et al. (2010) simulated the formation and
dynamics of terrestrial planets by combining circumstellar disk models and chemical

equilibrium calculations, whilst carefully considering the chemical composition of the
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planets made. They found that their bulk elemental abundances matched previous
studies of disk chemistry and that the refractory abundances in the system do not
significantly change. However, it should be noted that Elser et al. (2012) also dynam-
ically simulated planetesimal growth using different chemical disk models in an effort
to reproduce both the bulk compositions of the inner solar system and the results
of Bond et al. (2010). They instead found notable discrepancies, citing the model
and dependence on assumed temperature along the disk as potential factors. In the
broader context of core mass fractions and how they can inform planet formation
pathways, one might consider three broad scenarios. The first is where the two CMF
measures are consistent with each other, which is expected in the absence of any
major evolutionary processes that would otherwise modify the planet’s CMF. If the
CMF of the planet is found to be higher than the stellar value, this may indicate a
history of planetary collisions, where planetary embryos are preferentially stripped of
their outer mantles, leaving behind iron-rich planets known as super-Mercuries (Mah
and Bitsch, 2023; Marcus et al., 2009). These are named as such because Mercury is
heavily enriched in iron, thought to be the result of giant impacts dominating the over-
all composition (Benz et al., 2007). Other planetary formation processes that could
cause a higher-than-expected planetary CMF are mantle evaporation (Santerne et al.,
2018) or tidal interactions (Price and Rogers, 2020). If we find such a case where the
planetary CMF is lower than the stellar CMF, then this may be evidence for the ex-
istence of water sequestered beneath the surface, inflating the radius beyond what is
expected of a purely rocky world (Luo et al., 2024). In summary, planetary formation

processes such as giant impacts or water sequestration may significantly change the
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composition of terrestrial exoplanets, meaning that comparing primordial and cur-
rent values can provide crucial context for the evolutionary history of the planetary

system.

1.2.3 Alpha Elements

Alpha elements are the elements created by the alpha process in stellar nucleosynthesis
— O, Ne, Mg, Si, S, Ar, Ca, and Ti. It was first observed by Aller and Greenstein
(1960) and Wallerstein et al. (1963) that certain elements — Mg, Si, Ca, and Ti —
were enhanced in observations of metal-poor stars. Fused in the cores of massive
stars, these alpha elements are often released with Type II or Ib supernovae that
then enrich the surrounding interstellar medium from which new stars and planetary
systems are born (Tinsley, 1979). An overabundance of alpha elements in planetary
hosts has been previously demonstrated by Haywood (2008), Adibekyan et al. (2012),
and Sharma et al. (2024). While this may mean that they play a role in formation

processes, more research needs to be done in this area.

1.3 Inferring Population Trends

While it is difficult to do studies on individual elemental abundances, by looking at
previous studies done at the population level comparing the metallicity to observed
exoplanet demographics, it is clear that the chemistry of the star impacts the types of
planets that form around them (Bitsch and Battistini, 2020; Dorn et al., 2019; Mad-
husudhan et al., 2014; Mah and Bitsch, 2023). Metal-rich and more massive stars are

more likely to host giant planets (Fischer and Valenti, 2005; Gonzalez, 1997; Johnson

10
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et al., 2010; Sozzetti et al., 2009). This is known as the giant planet-metallicity cor-
relation (Johnson et al., 2010) and it is easily explained by the core accretion model
of planet formation, wherein the availability of metals facilitated the rapid accumu-
lation of massive solid cores that can trigger runaway gas accretion with the lifetime
of the gaseous protoplanetary disk (Hubickyj et al., 2005; Ida and Lin, 2004; Pollack
et al., 1996). The stellar metallicity determines the threshold for the formation of
the planetary core mass needed to form giant planets. A more massive star will have
a more massive protoplanetary disk (Mordasini et al., 2012; Tychoniec et al., 2018)
and a more metal-rich protoplanetary disk will have more condensable solids (Alibert
et al., 2011; Mulders, 2018). There is also theoretical evidence to suggest that plan-
ets around more massive stars accrete H/He atmospheres more efficiently (Lozovsky
et al., 2021). Giant planets, especially Jupiter-mass planets, are much rarer around
low-mass M dwarfs (Pass et al., 2023). This can again be explained in the core ac-
cretion model, as these smaller stars have less massive disks and longer dynamical
timescales (Burn et al., 2021; Laughlin et al., 2004). The relative lack of gas and
dust as well as the low surface density of an M dwart’s protoplanetary disk means the
massive cores do not reach the necessary mass for runaway gas accretion before the
disk dissipates (Canas et al., 2022; Ida and Lin, 2004; Kennedy and Kenyon, 2008;
Pollack et al., 1996). Despite the fact that gas giants rarely form around M dwarfs, a
handful of hot Jupiters have been found to date, thanks to TESS (Canas et al., 2022;
Kanodia et al., 2023). While this is a small sample size, nearly all of these M dwarfs
are early type and metal-rich (Gan et al., 2023; Kanodia et al., 2023), seemingly con-
tinuing the correlation of high metallicity and giant planet occurrence for lower mass

stars.
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Early observations of the field originally indicated that this planet-metallicity
trend would continue to lower-mass planets, hinting that metal-rich stars would be
favourable hosts (Bonlfils et al., 2005; Rojas-Ayala et al., 2010; Schlaufman and Laugh-
lin, 2010). However, once you get to a smaller regime of planet size (i.e. between
Earth- and Neptune-sized planets), they no longer seem to preferentially orbit about
metal-rich stars (Mulders, 2018). Multiple studies have shown that planet hosts have
a wide range of metallicities and that there seems to be no preference in metallicity
between planet hosts and non-planet hosts, but there is some conflicting information
(Buchhave et al., 2012; Ghezzi et al., 2010; Mayor et al., 2011; Santos et al., 2011).
Two separate studies in recent years have compared the iron mass fractions of planets
using mass and radius and of host stars using refractory elemental abundance ratios.
Liu and Ni (2023) found that the iron mass fraction for rocky planets is related to the
relative abundance ratios of Fe, Mg, and Si in the host star and that iron content in
those rocky planets is strongly correlated with host star metallicity. Brinkman et al.
(2024a) likewise found fewer planets around metal-poor host stars and that there were
very few iron-rich high density planets around metal-poor host stars in their sample.
Attempting to use abundances of other elements as indicators of planet hosts has also
brought up conflicting reports. Maldonado et al. (2020) did not find any correlation,
but Sharma et al. (2024) noted enhanced abundances of Mg and Si in planet hosts
relative to their comparison sample. In a similar vein, Melo et al. (2024) saw higher
C/O ratios in their sample of exoplanet-hosting M dwarfs against M dwarfs with no
planets.

In place of scaling with host star composition, smaller planets will instead occur

more frequently around lower mass stars (Mulders, 2018). In fact, M dwarfs are the
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Figure 1.2: An overview of planet occurrence rates in the literature as a function of
stellar effective temperature in Kelvin for planets between 1 - 4 Rg and P < 50
days, as shown in Mulders (2018).

most common hosts of super-Earths, which are potentially habitable planets similar
to our own that may offer insight into the origins of life (Dressing and Charbonneau,
2013; Gaidos et al., 2016; Kopparapu et al., 2013). M dwarfs host a higher number
of rocky planets than Sun-like stars do (Dressing and Charbonneau, 2015; Mulders
et al., 2015). Mulders et al. (2015) used Kepler data and found that M dwarfs have
up to 3.5 times more small planets (1.0 - 2.8 Rg) than FGK stars but two times
fewer planets larger than 2.8 Rg. Dressing and Charbonneau (2015) performed an

in-depth search for transiting planets using four years of Kepler data and estimated
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the occurrence rate of small planets with radii of 1 - 4 Rg and orbital periods below
200 days to be 2.5 4+ 0.2 planets per M dwarf. These results were repeated and
confirmed in studies by Hardegree-Ullman et al. (2019) and Hsu et al. (2020). It is
important to keep in mind that the Kepler mission focused on Sun-like stars and so,
their sample of M dwarf targets is an order of magnitude lower than FGK stars. This
is also why the sample in Dressing and Charbonneau (2015) focused on early-to-mid
M dwarfs with a median stellar radius of 0.47 R,. What happens when we look
to later type stars? Using more advanced instruments such as TESS, MAROON-
X, SPIRou, and CARMENES, astronomers can observe fainter, later-type M dwarfs
and any potential orbiting planets. Using data from TESS, Ment and Charbonneau
(2023) found that sub-Neptunes (1.8 - 3 Rg) are much less abundant around mid-to-
late M dwarfs compared to earlier-type stars, while the occurrence rate of terrestrial
planets is comparable across all M spectral types (Ment and Charbonneau, 2023).
Moreover, rocky planets are much more common around mid-to-late M dwarfs than
sub-Neptunes, outnumbering them 14 to 1 (Ment and Charbonneau, 2023).

It is clear that the planet occurrence rates change with the mass of the host star.
Even within the M dwarf luminosity class between 0.08 - 0.6 M, the number of super-
Earths and sub-Neptunes per star varies considerably. One of our primary goals is to
test theories of planet formation, comparing theoretical frameworks to their observa-
tional counterparts. Do rocky planets preferentially form around M dwarfs or were
there processes throughout the evolution of the system that did this? If so, which
ones? It could be that a portion of these rocky planets were originally sub-Neptunes
that were stripped of their atmospheres through processes such as XUV-driven photo-

evaporation (Mordasini, 2020; Owen and Wu, 2013, 2017) or core-powered mass loss
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(Ginzburg et al., 2018; Gupta and Schlichting, 2019, 2021). This is still very much an
active field of research. If we wish to study super-Earths as habitable rocky worlds
and learn about the formation of planets like Earth, characterizing M dwarfs is of the
utmost importance. This includes developing a detailed understanding of the planet’s

interior composition and how that connects to the host M dwarf’s composition.

1.4 M Dwarf Properties

M dwarfs, or red dwarfs, are the smallest and coolest type of star on the main se-
quence, typically having effective temperatures between 2500 K and 3900 K. Their
masses range from 0.08 to 0.6 Mg (Benedict et al., 2016). They are also the most
common type of star, making up approximately 70 - 80% of the stellar population in
the Milky Way and the local Universe (Henry et al., 2006; Reylé et al., 2021). As
such, they represent one of the most common outcomes of the star formation process
and understanding their chemistry is crucial to our understanding of stellar popula-
tions. Their lifespans are exceptionally long, due to their mostly convective interiors
and low internal temperatures (Baraffe et al., 1998). This means that late-type M
dwarfs can have main-sequence lifetimes of up to 10'® years — greater than the age
of the universe itself (Laughlin et al., 1997). Because of both this and their ubiquity
throughout the galaxy, they make for powerful tracers for the dynamical and chemical
evolution of galaxies (Bochanski et al., 2010; Lépine and Gaidos, 2011; Lépine et al.,
2013).
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1.4.1 M Dwarfs as Tracers of Galactic Disk Chemistry

As previously stated, a key motivation to accurately study M dwarf chemistry is
their use in galactic archaeology as chemical tracers of galactic evolution (Bochanski
et al., 2007; Gizis et al., 2002; Reid et al., 1995, 1997; West et al., 2006). Stars from
different galactic populations differ in their chemical composition and kinematics.
One prominent example of this are the two components of the galactic disk: the
thick disk and the thin disk. The thick disk formed first, forming an older, metal-
poor population. To support this idea, the older stars originating in the thick-disk
population will have lower metallicities and higher values of alpha-element abundances
(Ness et al., 2019). Stars located along the Galactic plane will then form from the
more metal-rich gas located there, allowing for more rapid star formation to occur.
This causes the stellar population in the thin disk to be metal-rich and depleted in
alpha elements. As such, one can easily use the chemistry of low-mass dwarfs to trace
the spatial and kinematic properties of these thick and thin disks in both the Milky

Way and other external galaxies (Bochanski et al., 2007).

1.4.2 M Dwarf Opportunity

M dwarfs are also useful in the context of better understanding exoplanets. Because
M dwarfs have lower luminosities than Sun-like stars, the locations of their habit-
able zones are much closer to the star (see Figure 1.3). A habitable zone (HZ) in
exoplanetary science is defined as the distance from the host star where the surface
temperature allows for liquid water to be stable on the planet’s surface. Because

the HZ is closer to M dwarfs than it is to Sun-like stars, it becomes easier to detect
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planets in the HZ through their shorter orbital periods, increased likelihood and fre-
quency of transits along the line of sight from Earth (Gaidos et al., 2007; Tarter et al.,
2007). Approximately a third of these rocky M dwarf planets are located within the
habitable zone (Shields et al., 2016). One of the most well-known examples is the
TRAPPIST-1 system, a system with seven rocky planets orbiting an ultra-cool dwarf
star. Three of these planets (TRAPPIST-1 e, f, and g) orbit within the HZ (Gillon
et al., 2017). While certain barriers to habitability in M dwarf systems do exist —
such as increased stellar activity, tidal locking of planets, and unlikely formation of

asteroid belts — conditions still make them favourable candidates for observation

(Childs et al., 2022).
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Figure 1.3: The estimated orbital distance limits of the habitable zone as a function
of stellar mass using the models of Kopparapu et al. (2013), taken from Cloutier
(2024).

To characterise planets and model their bulk densities, we need to obtain accu-

rate measurements for masses and radii. However, doing so at the population level
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stretches our observing capabilities to the limit. It is for this reason that M dwarfs
in particular have garnered attention for use in exoplanet studies. Astronomers de-
termine planetary mass via the radial-velocity (RV) technique, measuring the grav-
itational influence on the star by the orbiting planet. They determine planetary
radius via the transit method, where they measure the dip in the light curve of a star
caused by a planet passing in front in our line of sight (Hinkel et al., 2024). In both
these cases, a smaller star will cause a deeper transit in the lightcurve and a stronger
radial-velocity signal, thus enabling access to small terrestrial planets that are often
observationally out of reach around FGK dwarfs (Cadieux et al., 2022). This ability
of M dwarfs to enable the discovery and characterization of planets and their pa-
rameters is known as the “M Dwarf Opportunity” (Charbonneau and Deming, 2007;

Dressing and Charbonneau, 2015; Gaidos et al., 2007; Shields et al., 2016).

1.5 Spectroscopic Methods

How do we get information about abundances from stars? By using their spectra.
We assume stars as blackbodies, which will emit radiation in a continuous spectrum
whose peak wavelength depends solely on the star’s temperature. This relationship

is often shown using Wien’s displacement law:

A= (1.5.1)

b
T

where ) is the peak wavelength in metres, T is the absolute temperature in Kelvin
and b is the constant of proportionality. These spectra measure the intensity of this

light across the electromagnetic spectrum as a function of wavelength. However, we
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observe that these spectra are not perfectly smooth. They have dark bands at specific
wavelengths, called spectral absorption lines. These lines are caused by radiation
passing through the stellar atmosphere, getting absorbed by an atom or molecule
and causing an electron to make the transition from a lower energy orbital to a
higher orbital. Molecular absorption will also occur, caused by incident photons
exciting rotational and vibrational modes of molecules. These absorption features
are unique to each chemical species, acting as a chemical fingerprint to help us trace
their presence. These lines contain a treasure trove of information about stellar
composition, temperature, and motion via the Doppler shift.

Astronomers measure these spectra using specialised instruments called spectro-
graphs. The working principle is that light is collected by a telescope and fed to the
spectrograph, which disperses it into its constituent wavelengths using a dispersive
element such as a prism or diffraction grating and records the incident spectrum on a
detector, typically a charge coupled device (CCD). Several types of spectrographs are
optimised for different purposes. For example, long-slit spectrographs are used for
larger objects such as galaxies, and multiple-fibre optic spectrographs allow for several
sources to be observed at once for large-scale surveys. When one wants to do high-
resolution detailed spectral analysis on single sources, a popular choice in modern
astronomy is an echelle spectrograph. The echelle spectrograph uses a high-density
diffraction grating to disperse light into multiple echelle orders that then overlap,
necessitating further separation with a cross-disperser. The benefit is a high spectral
resolution over a wide wavelength range. An example of one such echelle spectrum is

shown in Figure 1.4.
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Figure 1.4: An image showing multiple bands representing different echelle orders in
SPIRou. The light is initially dispersed to generate multiple orders spanning short
wavelength ranges which are then separated by a cross-dispersing element. This
results in wavelength varying along both the x and y directions, shown as a 2D
spectrum. Each order will have three fibres: the science fibre, reference fibre, and
the Fabry-Perot spectrum for wavelength calibration.

1.5.1 Abundance Notations

Stellar abundance measurements are often mathematically defined as a ratio between
an element ) and hydrogen H, or how many atoms of element ) there are for every
hydrogen atom. Here, the number of hydrogen atoms is kept constant at 10'%. The
number of atoms of Q is denoted simply as ¢, and h is the number of hydrogen atoms.

The absolute stellar abundance of Q, written as A(Q), is simply
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q
H

A(Q) = Togyy (F x 10'2) = logyq(q) + 12 = logyq(q) + A(H) = (1.5.2)

In the literature, this abundance ratio is often written relative to the corresponding

ratio in the Sun (Hinkel et al., 2022). This is denoted by square brackets:

|:Q:| = A(Q*)_A<Q®) = lOQlo(q*)+A(H)—log10<q®)_A(H) = loguo (;]_;) (153)

The two key methods to retrieve atmospheric parameters and elemental abun-
dances from spectra are the equivalent widths method (EW) and the spectral syn-
thesis method (Allende Prieto, 2016). In the following sections, we go over each in

detail.

1.5.2 Equivalent Widths

The equivalent width (EW) of a spectral line is defined as the width of the spectral
continuum that has the same area as the area of the absorption line below the con-
tinuum level, typically after a Gaussian profile is fit. Mathematically, this is defined

as

EW:/[l—F(j)

- } d\ (1.5.4)

where F'()) is the observed flux at wavelength A, and F, is the flux of the continuum at

the same wavelength. Having a larger EW means that you have a deeper absorption
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feature, where a larger fraction of photons is being absorbed at a certain wavelength
in the photosphere. The measured EW is compared to a pre-tabulated curve of
growth for a given spectral type that maps EW to an abundance. Alternatively, the
measured EW can be compared to an EW computed through a radiative transfer code
which will depend on both certain stellar parameters and the elemental abundance

(Blanco-Cuaresma, 2019).

1.5.3 Spectral Synthesis

The general principle of the synthetic spectra method is that we compare observed
data to theoretical spectra with known parameters that are either generated “on-the-
fly” or interpolated using pre-computed grids and compare the difference using an
optimization routine (Blanco-Cuaresma, 2019). How are these spectra synthesised?
We first take a stellar atmosphere model which will dictate how the composition
and thermodynamic variables vary with atmospheric depth. These are dependent
on the temperature structure, density and opacity sources. The spectrum is then
computed using a radiative transfer code. Radiative transfer is the physical process
through which energy, as radiation, is transmitted through and interacts with its

environment. It is based on the radiative transfer equation

dl, .
d_sl/ = —q, X I, + 7 (155)
where [, is the specific intensity at frequency v, s is the distance along line of sight,
«,, is the absorption coefficient at frequency v, and j, is the emission coefficient at

frequency v. The code then solves this equation at every point of a grid of the pa-

rameter space. These parameters include the temperature, opacity, and composition
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distribution that is provided by the stellar atmosphere model. This calculates how the
radiation is absorbed and scattered as it passes through the atmosphere and allows
the program to generate a spectrum accordingly. The spectrum will include effects
like Doppler broadening due to motion, pressure broadening, and thermal broadening
of spectral lines. Stellar models will often assume local thermodynamic equilibrium
(LTE) which simplifies these calculations significantly. This entails that sections of
the star’s interior on a small enough scale will be in a thermally isolated, steady-
state condition. In simpler terms, the mean free path of photons is less than the
scale over which thermodynamic properties change. However, in certain stellar at-
mospheres, like those in the coolest or most metal-poor stars (Amarsi et al., 2022;
Blanco-Cuaresma, 2019), this assumption will break down. Thus, NLTE effects such
as non-thermal excitation and ionisation need to be considered. While this often
means calculations are more computationally expensive, they are important to avoid

discrepancies between theory and reality (Hinkel et al., 2024).

1.6 Difficulties in M Dwarf Spectra

While there is no model that can perfectly replicate all stellar processes, some stars
are more easily modelled than others. FGK star elemental abundances have histor-
ically been reliably measured at optical wavelengths, thanks to numerous distinct
spectral features that match well with stellar atmosphere models and atomic linelists
at the temperatures of these stars (> 4000 K). Unfortunately, modelling M dwarf
spectra is notoriously difficult, making it challenging to accurately determine elemen-
tal abundances values. Due to their cool temperatures, their spectra are plagued by

broad molecular bands such as TiO and VO (Allard et al., 2000) that obscure the
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continuum flux level and make measuring abundances of other individual elements
all the more challenging (Souto et al., 2022). These complex molecular features —
including those of OH, CO, and HyO — overlap with several atomic lines, which
then affect abundances inferred from EWs when not properly accounted for. These
molecular bands, alongside factors such as NLTE effects or deep convective zones
in M dwarf interiors (Browning, 2008; Mullan and MacDonald, 2001), mean that M
dwarf models will often fail to align with observational data (Jahandar et al., 2024).
Even in areas relatively clear of molecular bands, dense forests of absorption features
will often blend together if one observes at low resolutions. As a result, the origin
of certain features in spectra will be unclear. They could be attributed to spectral
noise, telluric contamination, uncertain sources of opacity or missing lines from in-
complete linelists (Khata et al., 2020). M dwarfs are also inherently faint at optical
wavelengths, peaking instead in the near-infrared wavelengths. This essentially cuts
off access to lines in the optical regime (Souto et al., 2017), and further motivates
the need to observe M dwarfs in the nIR. This phenomenon is shown in Figure 1.5,
showcasing a relative lack of spectral lines at optical wavelengths for an M dwarf.
Sometimes, the observed spectra are missing lines that we might expect to be there.
The strength of spectral lines is temperature dependent. To illustrate this point, we
compare in Figure 1.6 three synthetic spectra at three different temperatures. At the
lowest temperature of 3000 K, the spectral features of iron and nickel effectively van-
ish. This means that for spectra of cool stars, it will be especially difficult to clearly
identify and analyze spectral lines for such elements. This figure also demonstrates
the degeneracy temperature can have with abundance measurements and highlights

the importance of accurate inputs for the models.
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Figure 1.5: Figure from Jahandar et al. (2024) comparing lines in their observed
SPIRou spectrum and in the models. One can see the excess of lines in the models
at lower wavelengths are not reflected in the observed data, and vice versa.

Another reason why M stars are hard to study is that they are often magnetically
active. All M dwarfs are magnetically active to some degree (Reiners, 2012). We know
that the magnetic activity of stars will influence their spectra via Zeeman broadening
(Reiners, 2014). The magnetic activity also varies over time, creating an inherent
dispersion in the data. H-alpha at 650 nm is a line sensitive to chromospheric activity,
making it a good indicator of magnetic activity. While some studies may filter out
active stars using their H-alpha equivalent widths, it is not always feasible to select
science targets based solely on their level of activity (Newton et al., 2015). Thus,
magnetic activity remains another limiting factor when analyzing M dwarf spectra.
Overall, these are all persistent issues in the literature, motivating limited attempts

to calibrate M dwarf spectra.
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Figure 1.6: An illustration of how spectral lines can change and seemingly disappear
at lower temperatures. Three model spectra were generated with temperatures of
3000 K, 3500 K, and 4000 K using MARCS and Turbospectrum. This region shows
two nickel lines at 1699.62 nm & 1700.09 nm and two iron features at 1700.54 nm &
1701.10 nm.

1.7 Motivating the Framework

Because these inhomogeneities lead to large differences in derived atmospheric pa-
rameters and abundances, this has caused large deviations in literature values of
elemental abundances (Hinkel et al., 2016; Jofré et al., 2017). With so many fields
within astronomy reliant on getting accurate details on the chemistry of M dwarfs,
it is essential to ensure the reliability of these derived abundances. Unlike effective
temperature and surface gravity, elemental abundances can not be obtained through
independent methods, further complicating efforts to ensure accuracy in results. Pre-
vious works either do not calibrate their results (Souto et al., 2017) or seek to calibrate
only a subset of elements at low spectral resolutions (Veyette et al., 2017), which is

insufficient for accurate line fits (Iyer et al., 2023; Souto et al., 2022). Several research
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groups have already developed their own codes and techniques to address these nu-
ances (Blanco-Cuaresma, 2019; Hinkel et al., 2014). However, a large subset of the
available frameworks used to extract elemental abundances from spectra are either
black boxes or proprietary.

In order to facilitate a future calibration of our own, this motivated our need for a
customizable framework to be built, which became my Master’s project. I developed
a flexible framework that can analyse high-resolution spectra in a comprehensive fash-
ion, where each step of the process could be controlled and modified as needed. The
development of a custom framework is motivated by the need to ultimately calibrate
M dwarf abundances in hopes of alleviating many of the aforementioned concerns
regarding the reliability of M dwarf abundance measurements in the literature. In
Chapter 2, I describe SPIRou’s capabilities in observing M dwarfs. I then provide
justification for each of the choices in my framework and outline the details of each
step needed to derive elemental abundances. I also discuss optional features that are
specially designed to combat the difficulties in studying cool star spectra. In Chapter
3, I apply my framework to two stars in different temperature regimes (~3200 K and
~4200 K) with two unique science cases. I present the extracted abundances for 13
elements. Finally, in Chapter 4, I conclude by interpreting the results and providing

a summary of potential applications of this work.
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Chapter 2

Methodology and Development

2.1 The Data

For our purposes, we will be using the Spectropolarimetre Infrarouge, referred to
as SPIRou, located on the 3.6m Canada-France-Hawaii Telescope on Mauna Kea in
Hawaii. It is a high spectral resolution (R~75,000) near-infrared spectropolarimeter
that has a broad wavelength coverage in the YJHK bands, from 0.98 - 2.35 ypm (Donati
et al., 2020). Specifically, it is an achromatic polarimeter fibre-feeding a cryogenic
high-resolution echelle spectropolarimeter. SPTRou was originally designed to detect
and characterise exoplanets using high-precision velocimetry, but SPIRou’s coverage
and resolution make it ideal for our purposes of observing M dwarfs and mitigating the
previously stated discrepancies (Jahandar et al., 2024). Because the luminosity of M
dwarfs peaks in nIR, that is where we find most of the absorption features to be used
for analysis. The broad wavelength coverage provides access to spectral features from
many elements of interest for exoplanet characterization and galactic archaeology.

Another important feature of SPIRou that makes it somewhat unique among nIR
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spectrographs is its access to the K-band between 2.0 — 2.4 nm. K-band coverage
provides access to the so-called “CO forest” that resides in that regime, equipping
us with a more robust sample of spectral features to measure C abundances in cool
stars. A high spectral resolution is needed in order to resolve and identify absorption
lines as well as their profiles. An example of this is shown in the following comparison
between APOGEE’s resolution of R~22,500 and SPIRou’s resolution of R~75,000 in

Figure 2.1 (Souto et al., 2017).
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Figure 2.1: Comparison of spectra from SPIRou with R~75,000 and the same
spectra convolved down to APOGEE’s lower resolution, R~22,500. Despite the
data itself being identical, it is clear to see the drastic difference made by a higher
resolution.

Our SPIRou observations are initially reduced using A PipelinE to Reduce Ob-
servations (APERO; Cook et al. 2022), which outputs 1D extracted fluxes that have
been corrected for detector gain, blaze, and artifacts, in addition to being calibrated

and corrected for telluric atmospheric absorption.

29


http://www.mcmaster.ca/
https://www.physics.mcmaster.ca/ece

M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

2.2 Analysis Justifications

My abundance analysis framework uses the iSpec software (Blanco-Cuaresma, 2019;
Blanco-Cuaresma et al., 2014), an open-source spectroscopic tool that is commonly
used in the scientific community to analyse spectra and extract atmospheric param-
eters. It was recently updated with a whole suite of radiative transfer codes (Blanco-
Cuaresma, 2019) and while I tested other tools, iSpec has proven to be the best choice
for our purposes. Specifically, I explored two alternative options for the underlying
analysis software: Synspec (Hubeny and Lanz, 2017) and PySME (Piskunov and
Valenti, 2017; Valenti and Piskunov, 1996). PySME was adapted from the original
IDL code Spectroscopy Made Easy (SME). Ultimately, I moved away from PySME
because it has fewer relevant functionalities than iSpec. Synspec was promising be-
cause it had clear documentation and existing functionality that worked with a variety
of input stellar atmosphere models and radiative transfer codes that are commonly
used in the literature. However, while iSpec and PySME have the functionality to
easily change and parse through the linelists, there is extremely limited documenta-
tion about which linelists were being used within Synspec. Upon further inspection,
we concluded that the atomic and molecular lists were for solar parameters and were
not applicable to M dwarfs.

We have elected to use synthetic spectrum analysis over equivalent widths. As
Blanco-Cuaresma (2019) demonstrates, there are significant differences between the
results derived from the two methodologies and so, this is a crucial choice. While the
advantage of using the equivalent width method is that it requires less computation
time, it is much more likely to inaccurately estimate abundances in the case of blended

lines because the full line profiles are not being considered. Saturated or broadened
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lines (Freckelton et al., 2024) are not well represented by Gaussian profiles, meaning
this method is less reliable for metal-poor and cooler stars (Blanco-Cuaresma, 2019).
Spectral synthesis methods, despite being more computationally expensive, can re-
produce blending effects much better and are therefore necessary for a better analysis
(Blanco-Cuaresma, 2019). In an effort to reduce this computation time, we do not
generate the entire spectrum. Rather, we only generate synthetic spectra for defined
line regions for each element.

The second choice we made is to use the stellar atmosphere model MARCS
(Gustafsson et al., 2008) and the radiative transfer code Turbospectrum (Alvarez
and Plez, 1998; Plez, 2012). For the stellar atmosphere, MARCS is a common choice
for spectroscopists (Hejazi et al., 2023; Martioli et al., 2022). Its range of grid values
for effective temperature (2500 K < T.;r < 8000 K), surface gravity (-0.5 dex < logg
< 5.5 dex) and metallicity (-5 dex < [M/H] < 1 dex) is suitable for the vast majority
of cool stars in the solar neighbourhood. MARCS also includes models computed
with plane-parallel and spherical geometries. Other options such as ATLAS9 and
PHOENIX were explored. ATLAS9 models cover a parameter space of T.s; from
3500 K to 8750 K in steps of 250 K, logg from 0.0 dex to +5.0 dex in steps of 0.5
dex and [M/H] from +1.0 dex to -5.0 in steps of 0.5 dex (Kurucz, 2005). It only
works with plane-parallel geometric atmospheres, neglecting 3D convection (Freckel-
ton et al., 2024). Plez (2011) did an analysis comparing the performance of ATLAS,
MARCS and PHOENIX for cool stars specifically. They found that while the three
agree above 4000 K, an issue with ALTAS arises specifically with the nIR flux for
Ters < 4000 K. Because no ATLAS models go lower than 3500 K - a regime includes

many M dwarfs of interest - it is ill-suited for our purposes. We then considered
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the new PHOENIX grid which uses the ACES descriptions for equations of state,
henceforth called PHOENIX-ACES (Husser et al., 2013). Husser et al. (2013) ar-
gued that the ACES equations of state are more suitable for modelling cool stellar
atmospheres. Work from Passegger et al. (2016) compares PHOENIX-ACES to spec-
tra for a few benchmark stars between 3000 - 3500 K and finds good agreement on
derived T.s; and logg. However, they do find large discrepancies up to 3o to liter-
ature values of [M/H], highlighting the difficulties in accurately estimating M dwarf
stellar parameters. Strictly speaking, iSpec only has the functionality for MARCS
or ATLAS9 so we could not use PHOENIX-ACES. MARCS is an acceptable choice,
as the performance between MARCS and PHOENIX-ACES is roughly equal (Plez,
2011). Different groups will use different stellar atmosphere models and a detailed
comparison between the two is beyond the scope of this thesis.

For the radiative transfer code, the options available through the iSpec wrapper
are SPECTRUM (Gray and Corbally, 2014), MOOG (Sneden et al., 2012), SME
(Piskunov and Valenti, 2017), and Turbospectrum (Alvarez and Plez, 1998; Plez,
2012). All of these codes assume LTE, which we remind the reader is well-known to be
a limitation and may influence the derived abundances for cool dwarfs (Olander et al.,
2021; Short and Hauschildt, 2003). At first, we attempted to use SPECTRUM, which
could not accurately represent the depth or line profile of spectral lines or molecular
features in the spectrum. In the latest release of SME in 2020, a bug that impacted the
concentration of negative ions was introduced. Because this heavily impacts M dwarfs,
we elected not to use it. Between MOOG and Turbospectrum, I settled on using the
latter. This is because it is commonly used throughout the literature and it is one of

the fastest radiative transfer codes (Blanco-Cuaresma, 2019). There have been studies
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that directly compare and contrast the results derived when using different codes,
methods, and atmospheres, and they find intrinsic differences even when starting
from the same stellar parameters and linelists (Blanco-Cuaresma, 2019; Hinkel et al.,
2016). For example, inherent differences in how the line-broadening parameters are
handled across codes can cause discrepancies (Blanco-Cuaresma, 2019). In all these
methods, there are complications in real-life data that are difficult to replicate -
NLTE, 3D geometries, optically thin layers for metal-poor stars (Plez, 2011). These
discrepancies show why it is important for us to carefully consider and select each
part that goes into our framework and it is a key factor in why different papers will

get different results for abundances and derived stellar parameters.

2.3 Steps of the Framework

2.3.1 Set-Up

After we received the data, we converted the files into .txt files readable by iSpec,
consisting of three columns with wavelength, flux, and flux uncertainty. Because iS-
pec does not tolerate NaN values, any wavelengths with NaN fluxes are removed. The
next step is to apply a radial velocity (RV) correction and a global continuum nor-
malisation, both of which are done using the iSpec functionality. To calculate the RV
correction, we use a cross-correlation function between the spectrum and an atomic
line mask to find the velocity profile (Allende Prieto, 2007). The atomic line mask
is developed from the VALD solar spectrum (T.;; = 5777.0 K, logg = 4.44 dex and
[M/H] = 0.02 dex) spanning 300 - 1100 nm, using the cross_correlate_with_template

function in iSpec. The spectrum is then shifted according to the derived value. For
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most of our cases, using a solar spectrum as a comparison is adequate. However,
upon testing with a variety of stars, we have seen cases where using the solar tem-
plate for cooler M dwarfs returns unreliable values for the radial velocity. We are
also restricted because while the program does offer masks for each spectral type,
the ones available for cool stars fall out of SPIRou’s wavelength range and cannot
be used as a comparison. Therefore, we plan to use a custom template better suited
for these cases. Once the RV correction is complete, we perform a global continuum
normalisation across the entire spectrum. To do this, we use the fit_continuum and
normalize_continuum functions in iSpec. These functions work by using a median
filter of length 0.05 nm to identify noise and a maximum filter of 1.0 nm to block
fluxes in absorption lines. The spectrum is then normalised by dividing all fluxes by

a model which fits a b-spline of 2 degrees to the observed spectrum every 5 nm. A

visualization of this procedure is shown in Figure 2.2.
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Figure 2.2: A demonstration of the global continuum normalization for a spectrum
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The next step is establishing the linelist for the line-by-line determinations of
elemental abundances. I start with the linelist derived from the VALD catalogue
(Piskunov et al., 1995), from 300 - 1100 nm and 1100 - 2400 nm to cover our full
wavelength range. I then use iSpec to identify linemasks for regions around each
spectral line and create a custom linelist for the target of interest. To avoid spurious
results from shallow or blended lines, each line must have a minimum depth of 0.05
(meaning 5% of the continuum), a maximum depth of 1.0, and a maximum atomic
wavelength difference of 0.01 nm. In the case of cool stars with issues of continuum
placement, weak lines are especially commonplace so this helps to remove them. 1
visually inspect all line masks before proceeding with my line-by-line analysis. [
manually remove any tellurically contaminated lines, double lines, noisy lines where
the core of the absorption line is not clear, extremely blended lines, and lines visibly
discrepant to the corresponding lines in the model spectrum for reasons unknown,
like artifacts or spectral noise. These cases are somewhat subjective. Oftentimes,
if an element has few lines, then these criteria are relaxed. For example, the line
region itself can sometimes be modified to exclude extraneous features in the nearby
continuum. We repeat this process on a star-by-star basis so that the line selections
are fine-tuned and adapted as needed.

We ultimately selected a list of 13 elements for the science targets analyzed in this
thesis: C, O, Na, Mg, Al, Si, K, Ca, Sc, Ti, Cr, Mn, and Fe. This element list depends
not on the framework but rather, the availability of the corresponding lines in the
star’s spectrum. It is important to note that we found that atomic carbon and oxygen
lines are too shallow and too low in quantity when it comes to cool dwarfs. Instead,

to measure C and O abundances, we use molecular CO and OH lines, respectively.
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This assumption is not uncommon, as other studies have previously done this for
cool stars where molecular features are commonplace (Hejazi et al., 2023; Sharma
et al., 2024). The nlIR regime contains a wealth of lines of OH in the H-band and
the CO lines via the K-band in our data, increasing the sample of CO and OH lines
from which to draw. Souto et al. (2017) note that OH lines may be sensitive to
microturbulence. However, their wavelength range was limited to the H-band, not
including the K-band which contains many CO features. Further investigation by
Hejazi et al. (2023) showed with their access to the K-band that CO lines are much
more sensitive to variations to microturbulence. It is worth mentioning that nitrogen
is notably missing from our elemental list. While we do acknowledge the importance
of nitrogen in elemental ratios in both planet formation and atmospheric studies
(Cridland et al., 2017; Ohno and Fortney, 2023a), we found that the model lines
generated for CN were not suitable for analysis. This is because the identified CN
lines were either too weak to be differentiated from nearby spectral lines or did not

match the corresponding lines in the model.

2.3.2 Synthesis

The first step is to set up the abundance grid over which I will compute forward mod-
els of synthetic spectra. We want to have a wide enough range that we can capture
especially metal-rich or poor abundances, but with sufficient fidelity that allows us
to obtain accurate results. We also aim to avoid generating too many models, as this
quickly becomes computationally expensive. We adopt a grid of five abundances of
[-0.5, -0.25, 0, +0.25, +0.5] dex, that are centered on the solar abundance for each

element. We adopt solar abundance values from Asplund et al. (2009). We then use
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a custom function that calls the generate_spectrum function from iSpec to generate
five synthetic spectra. This function takes in the parameters of effective temperature,
surface gravity, metallicity, as well as rotational velocity (vsini), microturbulence,
macroturbulence, alpha enhancement, and a fixed abundance list. This fixed abun-
dance list consists of individual elements whose abundances I control independently
of the overall metallicity, and this is the parameter that the abundance grid modi-
fies over each iteration. The generate_spectrum function then synthesizes a spectrum
over some wavelength range by combining the Turbospectrum code and the inputted
parameters over a grid of MARCS stellar atmosphere models. We generate five syn-
thetic spectra by modifying the fixed abundance value of one element according to the
abundance grid, leaving the other elemental abundances to be the solar value added to
the user-inputted value of [M/H]. For the parameters of temperature, surface gravity
and metallicity, we adopt values from the literature. While we could try and derive
these values from the spectra ourselves, as other papers have done and is feasible to
do, this is ultimately not the focus of our research. During this initial synthesis step,
all other stellar parameters are fixed (e.g. Tess, logg, [M/H]). Their values are chosen
on a case-by-case basis from the literature. Recall that spectroscopic parameters for
M dwarfs can vary widely in the literature and so, care must be taken to select an
appropriate value for this abundance analysis.

For M dwarfs that do not have values in the literature or have values derived using
questionable methodologies, there are known empirical relations and tracers that can
estimate these quantities independently of the spectra. For the effective temperature,

we use equation 4 from Mann et al. (2015),

Torr/3500K = a + bX + cX? 4+ dX? +eX? (2.3.1)
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where a = 3.245, b = -2.4309, ¢ = 1.043, d = 0.2127, e = 0.01659, and X is the
absolute K-band magnitude. Equation 6 from Mann et al. (2015) is used if [Fe/H] is

known for the star,

T.r/3500K = a + bX + cX? +dX? + eX* + f([Fe/H| (2.3.2)

where a = 2.835, b = -1.893, ¢ = 0.7860, d = -0.1594, e = 0.01243, f = 0.04417,
and X is the absolute K-band magnitude. These equations from Mann et al. (2015)
use colour magnitudes from the Gaia database and best-fit coefficients from a Colour-
Temperature relation. Rojas-Ayala et al. (2012) uses the Na I doublet and Ca I triplet
in the K-band as metallicity indicators, and we refer to their methodology to derive

[M/H] when necessary. For calculating surface gravity, we refer to equation 2 from

Bean et al. (2006),

logg = 5.491 — 3.229M, + 5.949M? — 4.929M? (2.3.3)

which calculates logg in cgs units based on stellar mass M, in solar units for stars
between 0.123 - 0.621 M,. The effects of microturbulence and macroturbulence are
also considered within the framework. These are calculated using the estimate_vmic
and estimate_vmac functions in iSpec that apply the empirical relation derived from
the UVES Gaia-ESO Survey (Blomme et al., 2022; Jofré et al., 2014). Within the
MARCS models, the alpha enhancement is calculated from the input metallicity.
For [M/H] = 41 to 0, alpha is 0, but the alpha enhancement increases as M/H
decreases. If the star is metal-poor, this alpha enhancement is applied to alpha

elements, noticeably affecting the synthetic spectrum. We manually set the alpha
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enhancement to zero because we do not want it to unknowingly enhance the alpha
element abundances that we get. It is a well-known effect that rotational broadening
from stars with high (vsini) values will affect the line profiles. In fact, rotational
velocity, macroturbulence and resolution are all degenerate parameters, making it
quite challenging to separate their effects with spectroscopy alone (Blanco-Cuaresma,
2019). This is further complicated by the fact that most stars do not have accurate
literature values for vsins, which can then go on to negatively impact our derived
abundances.

Our ultimate goal for this step in the framework is to determine line-by-line abun-
dances through a y? minimization between the observed and model data over a grid
of elemental abundances. The synthetic spectra are convolved down to R~75,000
with a Gaussian broadening kernel to match SPIRou’s resolution. It is then inter-
polated onto the same wavelength grid as the observed spectra. We only generate
these models for segments outlined by the line regions that were previously defined
in the linelist, along with a margin of 0.2 nm on either side. This step is done to
reduce the computational load, as the continuum and tellurically affected regions are
not included in subsequent steps in our abundance analysis. Once the models are
generated, we aim to compare them to the data. Five spectra between £ 0.5 dex is
insufficient to resolve the most likely abundance for each line to a high enough level
of precision. To avoid generating more models, we take advantage of the fact that the
generated models for each line will typically form in a continuous pattern. An inter-
polation function then fits for and replicates this pattern by varying the abundance
value. This then effectively gives us a finer grid of models to compare against with-

out significantly increasing computation time. Therefore, we interpolate to make 100
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spectra between -0.5 and 0.5 dex. We do expect minute differences between these and
actual models generated, but they would cause very small variations that ultimately
cause a very small error - smaller than the other sources of error present. While this
technique cannot be utilized for too sparse an abundance grid, as the behaviour of
the lines is not uniform, we found that five models is a reasonable value to avoid
this issue. Any strange behaviours arising in the interpolated spectra are most likely
caused by contaminated or blended features and are removed in the visual inspection
step. An example of a silicon line and the corresponding generated models are shown
in Figure 2.3.

We then perform a x? minimization routine on a line-by-line basis between the grid
of interpolated model spectra, which vary solely by the elemental abundance, and the
observed spectra. An example is included in Figure 2.3. We define the interior line
region around the core of the line, separating it from the local continuum region. The
interior line region is used as the fitting window for the x? minimization. This process
was originally done by calculating the second derivative of the flux to detect where the
curve of each line started. However, this methodology was not as precise as we wanted
and so, we now simply use the line masks as determined by iSpec. This step is meant
to reduce the effect of blended lines or noise in the wings on the derived abundance.
These persistent issues in cool star spectra will skew the abundance to appear higher
than it really is. One option that was explored in the beginning of this project was to
use an MCMC in place of the x? minimization. We ultimately decided against it, as
it was even more computationally expensive and a x? minimization is both suitable
and widely used in synthetic spectral analysis (Brinkman et al., 2024b; Hejazi et al.,

2023). We then output the plot of the spectral line and the x? minimization. Each
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Figure 2.3: Top: Demonstration of the framework for a silicon line at 1210.35 nm.
The grey region represents the interior line region and the white region is the
assumed continuum region. A noted feature on the right that would bias the y?
minimization is excluded. Bottom: A plot of the x? minimization between the
observed spectra and the models for the silicon line, deriving A(Si) = -4.847 or
[Si/H] = -0.317.

line has its own unique abundance value, leaving us with a distribution of values for
abundance for each element. We then take the median and standard deviation of this

distribution as the reported abundance and random error for each element.
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2.4 Optional Features

Within the overall framework, additional steps are added to ensure the robustness of

our results:

2.4.1 Line shifts

While we use the RV correction to ensure the data and the models are shifted to the
rest frame, some spectral features do not line up with the line’s position in the VALD
linelist. This leads to a wavelength offset between the observed line and the model
lines. This effect has been similarly described in previous studies (Jahandar et al.,
2024), and is most likely due to uncertainties in the linelist, inaccuracies in the models
being unable to replicate stellar behaviours, or other unknown factors. We remain
agnostic to the source of any line position discrepancies and run an additional routine
where the code identifies the position of the lowest point of the spectral line for both
model and observed data. If the two do not align along their shared wavelength grid,
it finds the difference in positions and applies said difference to the observed data on

a line-by-line basis.

2.4.2 Pseudo-Continuum Normalization

It is well-known that a common issue with M dwarf spectra is that the continuum
is obscured by broad molecular bands (Melo et al., 2024). This means that while
we have normalised the continuum over the entire spectrum (see section 2.3.1), this
broad approach means the continuum is at less than unity for some lines whereas the

model spectra place the local continuum at or close to unity. An example of this is
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Figure 2.4: Demonstration of the pseudo-continuum normalization procedure for an
alternate silicon line at 1239.58 nm. The original spectrum’s continuum level
appears lower than unity. The dotted lines show the location of the renormalized
observed spectral line, which see good agreement with the models.

seen in Figure 2.4. Thus, we developed a pseudo-continuum normalization procedure
as an optional step of our framework to ensure that the local continua of the observed
spectra and the synthetic spectra are in close agreement in the vicinity of our line
regions. This helps to ensure that any variation in the x? value across our abundance
grid is capturing variations in the line depth and width, rather than being dominated
by variations in the local continuum. Our pseudo-continuum normalization is a mod-
ified version of the procedure presented in Hejazi et al. (2023), who in turn adapted

their methodology from Santos-Peral et al. (2020). They use a low-order polynomial
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fit over the residuals between the observed data and the model, and three stages of
o-clipping to determine the continuum data points. A second polynomial is then fit
over these data points, by which the observed data is renormalized. It is then this
renormalized spectrum that is compared to the model spectra to derive the elemental
abundances. When we originally implemented their methodology, we noticed this
procedure would either change the shape of the line itself or be heavily influenced
by the presence of nearby lines. Line depth and profile are equally important for
obtaining accurate abundances. A possible explanation for this behavior is that for
broadened or saturated spectral lines, the o-clipped data points would also include
those closer to the core of the line that inherently have a lower flux. This would then
form a slight parabolic shape to the polynomial fit. Santos-Peral et al. (2020) likewise
acknowledges this to be the case, although they do not aim to resolve the issue. The
methodology of the pseudo-continuum normalization was modified in our framework
as a result. The new process likewise o-clips the residuals between model and ob-
served data in the continuum region alone. However, instead of a polynomial fit, we
calculate the median of the flux on corresponding wavelengths to the o-clipped points
on both the model and observed spectra. The framework will calculate the difference
between these medians and offset the flux of the observed spectra by said difference.
An example of the renormalized spectra is shown as the dotted lines in Figure 2.2.
However, we would like to note that attempting to develop a single methodology
to normalize this pseudo-continuum is rather challenging, as each spectral line will
be unique and complex. Recent papers have proposed their own methodologies to

address how to approach the pseudo-continuum. For example, Melo et al. (2024)
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calculate an uncertainty tied to the pseudo-continuum by introducing shifts of -2%.-

1%,+1%, and +2% in the normalized flux of the spectra and recomputing the derived

abundances.
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Figure 2.5: We vary T.; in the model spectrum for the same line regions from 3000
K (red) to 5000 K (blue) in steps of 20 K. We fix the values of logg and [M/H]. Such
an exercise highlights the sensitivity of the models to variations in assumed stellar
parameters.

2.4.3 Additional Error Analysis

Potential sources of uncertainty from blending, degeneracies of stellar parameters, and
spectral noise are known to occur. For line-by-line spectroscopic analysis, abundance
measurement errors in the literature are often quantified using only the dispersion

between lines of the same element. While this is a key source for error, it is likewise
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important to acknowledge the influence of the assumed stellar parameters in gener-
ating spectra. As seen in Jahandar et al. (2024) and Melo et al. (2024), even small
variations in the temperature, metallicity and surface gravity used in synthetic spec-
tra can heavily influence the results. This effect is visualized in Figure 2.5. Thus far
in the framework, we have only considered fixed stellar parameters such that the only
source of error is the dispersion among N lines. We need a reliable way to account
for uncertainties in stellar parameters such as T.f; and [M/H] and quantify their
respective contributions to the overall error budget of our abundance measurements.
We adopt the approach taken by Hejazi et al. (2023), which they in turn adapted
from Souto et al. (2017). We modify the T.fr and [M/H] one at a time by sampling
from their respective errors reported in the literature using a Gaussian distribution
centered on best-fit values with 1o error bars. We repeat this sampling a number of
times and run the complete abundance analysis for each new value of either T.; or
[M/H] and save the final abundance values for each element. To test how many iter-
ations would be necessary to reach a stable value for the error, we sampled 60 values
from a Gaussian distribution of T¢s¢ for one of our stars. The plot of the standard
deviation for oxygen abundances is shown in Figure 2.6. The distribution plateaus
between 10 - 15 iterations, which agrees with similar tests for other elements. Thus,
we select 15 iterations as the basis for the error analysis. We then take the standard
deviation of this distribution of abundances and attribute it as the corresponding
error for effective temperature or metallicity for each element. We plan to add an
additional term for the logg error in future work. Overall, this methodology allows
us to obtain a more complete picture of the systematic uncertainties present in the

derived abundance values.
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Figure 2.6: Plot visualizing the standard deviation across abundance values when

varying input temperatures for abundance analysis of oxygen for Barnard’s Star,

using the methodology outlined in section 2.4.3. The standard deviation increases
steadily until ~15 iterations, at which point it begins to plateau.

2.5 Summary of the Framework

The steps of the framework are outlined in Figure 2.7. To summarize, we obtain
data processed through APERO. Using modified functions from iSpec, the entire
spectrum is then shifted into the rest frame using an RV correction and the continuum
is globally normalized. A unique linelist is extracted using the VALD catalogue and
each line region is manually verified to be free of contamination or blended features.
5 synthetic spectra are generated using MARCS stellar atmosphere models and the
Turbospectrum code. These spectra vary across a grid of elemental abundances. The
user can then choose to implement the pseudo-continuum normalization or correct
for any potential wavelength offsets between the model and the observed data. To

regain higher fidelity across the grid of model spectra, the 5 synthetic spectra are
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interpolated across a grid of 100 evenly spaced abundances ranging from -0.5 to 0.5
dex. The framework will then minimize the y? to determine the elemental abundance
for each line region for a particular element. The median of the array of derived
abundances across all line regions for an element is then taken as the final abundance
value. The standard deviation of this distribution is then as the random error, or
Orandom- 10 enable a more detailed analysis of error sources, this procedure is repeated
15 times while varying the assumed temperature and 15 times when varying the
metallicity within their respective error ranges. The standard deviation of each of

these distributions is then taken as orcsr and oy y.
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Figure 2.7: A flowchart of the steps of the framework. The items in the gray box are
those that use adapted iSpec functions. The items in the blue box are optional steps
in the framework.
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Chapter 3

Results

3.1 Target Selection

Now that we have shown how the framework operates, we would like to showcase
how it can be used in science cases that are both at the forefront of current efforts
in exoplanetary science and have previously been studied in the literature. For these
purposes, we will apply it to stellar spectra of GJ 9827 and GJ 699. For context, GJ
9827 is a nearby, bright K7-type dwarf star with an effective temperature of ~4200K.
As an M4 type star, GJ 699 (commonly known as Barnard’s Star) is even smaller
and cooler at ~3200K. As such, these temperatures provide a good representation of

both early (hotter) and late (cooler) type M dwarfs.
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3.1.1 GJ 9827

GJ 9827 was recently studied in great detail by both Passegger et al. (2024) and
Piaulet-Ghorayeb et al. (2024), providing us with stellar parameters with small er-
rors and detailed methodology. It is the host star of a multi-planet system of two
super-Earths (GJ 9827 b, with radius 1.57 Rg and an orbital period of 1.21 days,
and GJ 9827 ¢, with radius 1.24 R4 and an orbital period of 3.65 days), and a sub-
Neptune (GJ 9827 d, with radius 1.98 Ry, orbital period of 6.20 days, and mass of
3.02 Mg) (Passegger et al., 2024). These parameters make GJ 9827 d the smallest
known warm sub-Neptune and the smallest exoplanet with a confirmed atmosphere
(Piaulet-Ghorayeb et al., 2024). By using data from both HST and JWST, it has
also been found that there is a high concentration of water vapour in the atmosphere
- potentially making it a “steam world” (Piaulet-Ghorayeb et al., 2024). This makes
it an important target for the search for habitability beyond Earth, and for char-
acterising thick, water-rich atmospheres of rocky exoworlds using JWST. There has
yet to be any research into the chemical composition of its host star. As explained
in Chapter 1, it is important that we be able to place the spectroscopic data from
JWST in the context of the system and not assume solar values. While this thesis
focuses on M dwarfs, GJ 9827 is a cool K dwarf and so, many of the nuances and
difficulties previously mentioned will apply here as well. This star is also cited to be
moderately active. According to the measured flare rate, GJ 9827 is qualified as an
active K dwarf with a flare rate similar to other active field stars nearby. Our data
for GJ 9827 were taken originally by PI James Sikora in program 20BC27. It was
observed by SPIRou on 2020-08-31. 19 individual spectra were co-added together to

create the spectrum used for this analysis.
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3.1.2 GJ 699 (Barnard’s Star)

Located only 1.83pc away from the Earth, GJ 699 is one of the closest M dwarfs
to Earth and the second closest star system to Earth (Jahandar et al., 2024). It is
often used as a benchmark star because of its close proximity to us. There have been
numerous previous studies that have derived abundances from its spectra which will
provide a good backdrop for our results. It has also become the subject of recent news,
as it has been recently confirmed to have an orbiting exoplanet (with a minimum mass
of 0.37 £ 0.05 Mg and an orbital period of 3.15 days), with three other candidates
for low-mass planet companions (Gonzélez Herndndez et al., 2024). While studying
Barnard’s Star has many benefits, it also proves to be particularly challenging for
the retrieval of abundances from the spectra due to its low temperature of ~3200 K.
Another one of the many difficulties of modelling it is the wide range of metallicities
reported in the literature for the star. These metallicities range from a reported value
of -0.86 dex from Marfil et al. (2021) to 0.61 dex from Passegger et al. (2022). For
Barnard’s Star, the data itself provides a unique opportunity because the spectra
have an extremely high signal-to-noise (S/N ~ 1000). This is because the data were
observed as part of the SPIRou Legacy Program as one of SPIRou’s radial velocity
standards (Donati et al., 2020). A total of 846 observations were taken between 2018

and 2023 and co-added to form the spectrum (Jahandar et al., 2024).

3.2 Results from Framework

The framework as outlined in Chapter 2 is run using the data for these two stars.

The unique linelist used for each star is made available in Appendices B and C. The
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radial velocity corrections applied were 114.21 km/s for GJ 9827 and -28.28 km/s
for Barnard’s Star. These are not the physical radial velocities measured for each
of these objects but merely the ones derived from the CCF fitting. The systemic
radial velocities are -32.01 km/s for GJ 9827 and -110.46 km/s for GJ 699 (Gaia
Collaboration 2018). When generating synthetic spectra for GJ 9827, I adopt the
stellar parameters of 4236 + 12 K, a metallicity of -0.29 4+ 0.03 dex, and a surface
gravity of 4.7 + 0.05 dex from Passegger et al. (2024). Similarly, T adopt an effective
temperature of 3231 + 21 K, a metallicity of -0.48 + 0.04 dex, and a surface gravity
of 5.08 £ 0.15 dex from Jahandar et al. (2024) to generate the model spectra for GJ
699.

3.2.1 GJ 9827 Results

The results for GJ 9827 are summarised in Table 3.1, which contains our elemental
abundance measurements alongside the derived errors. As a reminder, these derived
abundances are the median of the abundances inferred from individual lines for each
element. We use the median of all lines for each element and not the mean because
of the potentially severe effect of outliers on the values. We calculated the total error
by adding the three error values in quadrature. ogungom is the standard deviation
of the abundances for each element, and or.fy and oy g errors are the systematic
errors attributed to variations in temperature and metallicity within their respective
errors. As such, elements with only one suitable line do not have a random error
attributed to them. We visualize the results from Table 3.1 in Figure 3.1. It is
immediately clear that carbon is an outlier. For the sake of visual clarity, we exclude

it in Figure 3.2 to gain better detail in the other elements. We also exclude it from
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Table 3.1: Derived Abundances per Element for GJ 9827

Element ‘ N ‘ [X/H] ‘ ORandom OTeff OM/H ‘ OTotal

C (CO) | 259 | 0.004 | 0.009 0338 0.340 | 0.479
O (OH) | 47 | -0.253 | 0.004  0.003 0.025 | 0.026
Na 10 [-0.251 | 0.011  0.001 0.009 | 0.014
Mg 8 |-0.233 | 0.041  0.008 0.003 | 0.042
Al 8 |-0.267 | 0.035  0.001 0.003 | 0.035
Si 56 | -0.227 | 0.024  0.001 0.011 | 0.026

K 6 |-0.225| 0.033 0003 0.002 | 0.033
Ca 26 | -0.335 | 0.028  0.003 0.003 | 0.028
Sc 2 1-0.202 | 0.036  0.004 0.002 | 0.036
Ti 65 | -0.276 | 0.013  0.004 0.009 | 0.016
Cr 39 [-0.301| 0.027  0.001 0.004 | 0.027
Mn 10 [-0.222 | 0.054  0.002 0.016 | 0.056
Fe 180 [ -0.305 | 0.012  0.007 0.003 | 0.014
[M/H] | - |-0.258 - - -~ [ 0.040
[a/H] | - |-0.265 - - - | 0.044

our calculation for [M/H] in Table 3.1, which is derived by simply taking the mean
of all the elemental abundances. The total error for the derived [M/H] comes from
the standard deviation between all the derived abundances. We performed a separate
trial where the pseudo-continuum normalization was applied. It was done only once,
so only the associated random error is available. The complete table of results of

the pseudo-continuum normalized values is in Appendix A. We present the results

side-by-side with and without carbon in Figures 3.3 and 3.4.
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Figure 3.1: Derived Abundances for GJ 9827. The blue ribbon represents the error
range around the literature value for metallicity, and the red ribbon is the error

range for our averaged metallicity. The averaged metallicity excludes carbon’s
abundance.
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Figure 3.2: Derived Abundances for GJ 9827. Carbon has been excluded to improve
the visibility of other elements. Note the dual error bars: the interior error bar
represents the random error and the exterior error bar represents the total error.
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Figure 3.3: Derived Abundances for GJ 9827, alongside the pseudo-continuum
normalized values. The yellow ribbon represents the error range around the
averaged metallicity from the pseudo-continuum normalized values.
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Figure 3.4: Derived Abundances for GJ 9827, alongside the pseudo-continuum

normalized values excluding carbon. The interior error bar represents the random
error and the exterior error bar represents the total error.
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3.2.2 GJ 699 Results

We repeat the framework on Barnard’s Star. Because Barnard’s Star is such a metal-
poor star at [M/H] = -0.48 + 0.04 dex, many of the lines exist on the edge of our
standard abundance grid. To preserve the fidelity of results and retain as many lines
as possible, we instead use an abundance grid of [-1.0, -0.75, -0.5, -0.25, 0] dex relative
to solar values. Certain elements such as silicon have fewer lines for Barnard’s Star
than for GJ 9827 as a result of their temperature difference. In a similar fashion,
the difference in spectral quality could mean that more lines for other elements are
resolved in the Barnard’s Star spectra. The reader is reminded of the disparity in
literature values for metallicity in Barnard’s Star that the error value from Jahandar
et al. (2024) may not reflect. To place our derived abundances in context, we also

compare to literature values in Figure 3.7.
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Table 3.2: Derived Abundances per Element for Barnard’s Star

Element ‘ N ‘ [X/H] ‘ ORandom OTeff OM/H ‘ OTotal

C (CO) |56 |-0.267 | 0.019 0226 0.234 | 0.326
O (OH) | 60 | -0.122 | 0.016  0.002 0.014 | 0.021

Na -0.652 0.105 0.010 0.002 | 0.105
Mg -0.524 0.040 0.037 0.013 | 0.056
-0.443 0.037 0.014 0.016 | 0.043

3
2
Al 7
Si 1 |-0.313 0 0.023  0.054 | 0.058
6 |-0.614 | 0.100  0.060 0.006 | 0.117
7 1-0.490 | 0.061  0.001 0.013 | 0.062
2 |-0.489 | 0.044  0.013 0.010 | 0.047
Ti 39| -0.545 | 0.033  0.015 0.023 | 0.043
Cr |16|-0.353| 0.046  0.008 0.016 | 0.049
Mn | 6 |-0.495| 0.069  0.005 0.027 | 0.074
Fe 16 | -0.718 |  0.075  0.008  0.023 | 0.079
[M/H] | - | -0.463 - - - [ 0.165
[a/H] | - |-0.399 - - - | 0.180
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Figure 3.5: Derived Abundances for Barnard’s Star. The blue ribbon represents the
error range around the literature value for metallicity, and the red ribbon is the
error range for our averaged metallicity.
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Figure 3.6: Derived Abundances for Barnard’s Star, alongside the
pseudo-continuum normalized values.
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Figure 3.7: Derived Abundances for Barnard’s Star, compared to values taken from
Ishikawa et al. (2022); Jahandar et al. (2024); Maldonado et al. (2020). The blue
line and ribbon represent the metallicity used in Jahandar et al. (2024) of [M/H| =
-0.48 £ 0.04 dex
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Chapter 4

Discussion and Future Work

4.1 Interpretation of Results

Immediately, we need to acknowledge our values for carbon, especially for GJ 9827,
are outliers. That is most certainly the result of something amiss in the framework
and not reflective of the physical state of the star. Although carbon is within 1 ¢ of the
metallicity in GJ 699, the large systematic errors from varying effective temperature
and metallicity likewise show a large discrepancy for carbon. As previously stated
in Section 2.3.1, Hejazi et al. (2023) notes that CO lines are particularly sensitive to
changes in microturbulence. Because we adopt our relation to calculate microturbu-
lence from iSpec, this warrants further investigation in order to improve the accuracy
of our derived carbon abundances. For GJ 9827, the overall metallicity derived from
our abundances when ignoring the carbon outlier is -0.258 + 0.038 dex. This is within
the error range of the literature value, providing confidence in our results. Looking
at the planet-forming refractories, Mg and Si are slightly enhanced whereas Fe is

depleted. This agrees with the expected result from Sharma et al. (2024) that planet
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hosts are enhanced in magnesium and silicon at lower metallicities. Unfortunately,
due to the strange behaviour of carbon, a reliable C/O ratio cannot yet be derived nor
interpreted from these results. For Barnard’s Star, the derived metallicity of -0.463
+ 0.165 dex is within the error range of the value used in Jahandar et al. (2024).
The estimated alpha abundance of -0.399 + 0.180 dex is enhanced, as expected for
a metal-poor star. For both stars, when considering the overall error contributions,
it is clear that random error contributes the most for nearly all elements. Certain
elements like titanium and magnesium will show greater sensitivity to changes in the
assumed effective temperature and metallicity, as can be seen using the error bars in
Figures 3.2 and 3.5.

To comment on the effect that the pseudo-continuum normalization had on the
derived abundances in GJ 9827, it seems that for some elements such as magnesium,
oxygen, and potassium, it did little to impact the final values. However, for elements
such as calcium and chromium, it had a much stronger influence, deviating their
abundances outside the error range of the derived [M/H] values. For elements such
as sodium, silicon, and scandium, this procedure also had a significant effect on their
values but it instead meant that their abundances were closer to the assumed metal-
licity. Looking at the effect across all 13 elements, applying the pseudo-continuum
normalization meant that the final averaged metallicity was overall lower and much
closer to the literature metallicity. Comparing to results in Barnard’s Star, we see
similar trends that the pseudo-continuum normalized values are on average lower for
most elements. This is especially exaggerated again for silicon and scandium. We

remind the reader that these elements have few lines and so, adjustments made when
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pseudo-normalizing the continuum will seem especially exaggerated in the final av-
eraged abundance values. This is especially important to consider when considering
a key planet-forming element like silicon. When looking at Figure 3.5, the original
value for silicon shows it to be enhanced whereas the pseudo-continuum normalized
value shows it as severely depleted. This once again highlights the issues that come
with analyzing low temperature stars such as M dwarfs. The averaged value for the
pseudo-continuum normalized values for Barnard’s Star is outside the error range
on the metallicity from Jahandar et al. (2024), whereas the original values have a
metallicity that falls within it. Overall, it is difficult to comment on the efficacy of
the optional pseudo-continuum normalization procedure as we have only applied it
to two stars thus far, but we will investigate it further in future works.

Interpreting how our individual elemental abundances compare to those of previ-
ous studies for Barnard’s Star is more difficult. When looking at Figure 3.7, while
there is overall agreement for most elements, there are a few key differences. Some
elements where there are few lines, like silicon, diverge greatly whereas we see that
values for elements such as magnesium, sodium, and titanium match closely. Some
of these differences can be attributed to the differing linelists. We do use the same
data as Jahandar et al. (2024) and we note that some of our lines failed their criteria,
and vice versa. Sometimes the stringent conditions were relaxed to improve the sta-
tistical significance of selected elements. Our linelist also diverges from those listed
as “M-dwarf Well-defined Spectral Lines” from Melo et al. (2024) in this temperature
range. The most likely culprit for the differences seen in Figure 3.7 is that all of the
papers listed use different methodologies and different synthetic models. Jahandar

et al. (2024) compares their data to PHOENIX-ACES grids of varying metallicities,
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but they do not make use of a radiative transfer code to generate new spectra, nor are
they varying individual abundances. Maldonado et al. (2020) uses ATLAS9 models
with the spectral synthesis code MOOG. They use a novel approach that combines
principle component analysis (PCA) and Bayesian regression methods, training their
model on optical spectra of M dwarfs orbiting FGK primaries. Maldonado et al.
(2020) does mention this technique’s tendency to overestimate derived abundances,
as can be seen in Figure 3.7. On the other hand, Ishikawa et al. (2022) compared the
equivalent widths of their spectral data to equivalent widths of generated synthetic
spectra, iteratively modifying the abundances until the lines converged. They did
this using high-resolution spectra from the Subaru Telescope, which covers a wave-
length range of 0.97 - 1.75 pm. From their results, Ishikawa et al. (2022) noted a
consistent underestimation of the abundances. In the end, it is comforting to note
that our values are in the right ballpark, especially for a star that is as hard to model

as Barnard’s Star.

4.2 Conclusion

In conclusion, we performed a brief literature review of the efforts to characterise
stellar abundances using spectroscopy. By making use of the planet-star connection,
M dwarfs represent a golden opportunity for understanding the planet formation
pathways of super-Earths in habitable zones and more easily facilitating the retrieval
of masses and radii of their planets. However, their spectra present unique challenges,
such as broad molecular bands, which prevent certainty in the accuracy of their
elemental abundances. Astronomers are actively working to address and solve these

issues. As part of our own efforts to calibrate M dwarf spectra in the future, we

67


http://www.mcmaster.ca/
https://www.physics.mcmaster.ca/ece

M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

developed a framework in Python that uses spectral synthesis methods with the
stellar atmosphere model MARCS and the spectral synthesis code Turbospectrum to
derive these abundances. By comparing the depths and line profiles along a grid of
abundances via a y? minimization routine, we can measure the stellar abundances of
individual elements and quantify their uncertainties. This framework was designed to
take many nuances into consideration that other papers may take for granted when
dealing with M dwarf spectra, such as a normalization procedure for the pseudo-
continuum and an extended error analysis. We then presented results from SPIRou
data for two cool stars: GJ 699 and GJ 9827. These stars represent important science
cases for exoplanet science, as stellar abundances are needed to inform both interior
structure modelling and atmospheric characterisation. Even though our methods are
similar to those used in the literature currently, we still see numerous pitfalls when
doing line-by-line analysis that endanger the certainty we have in these abundances.

It is crucial that we have accurate abundances for M dwarfs and so, this project
then motivates the need for an empirical calibration of their spectra. In future work,
we will apply this framework to spectra from 24 FGK-M wide binary systems, which
will be used as the basis for the generalised empirical calibration of M dwarf abun-
dances measured with SPIRou. Further applications of this framework extend to
emerging scientific cases. This framework is designed to allow rapid extraction and
analysis of abundances from high-R nIR spectra from SPIRou and other instruments
such as IGRINS and NIRPS for future science targets, particularly planet-hosting
stars. Four sub-Neptunes orbiting cool stars — TOI-1685, TOI-4517, TOI-1201, and
K2-18 — are scheduled to have their atmospheres observed with either JWST or HST.

To make the most of this valuable data, we have an observing program to perform

68


http://www.mcmaster.ca/
https://www.physics.mcmaster.ca/ece

M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

follow-up observations of these planetary hosts using SPIRou. This framework will
be applied to the set of these planet-hosting stars, enabling the use of more accurate
elemental abundances for modelling the planetary atmospheres and solid interiors.
In summary, this project represents a crucial step in ensuring the precision and ac-
curacy of future discoveries with direct implications for our understanding of stellar

populations and the formation of potentially habitable super-Earths.
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Values from Figures 3.1 - 3.6
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Table A.1: Mean Abundances and Pseudo-Normalized Values for GJ 9827

[X/H] [X/H] Random | Pseudo [X/H] Pseudo [X/H] Random
Element . .

(mean) (median)  Error (mean) (median) Error
C (CO) 0.033 0.004 0.009 -0.058 -0.061 0.009
O (OH) -0.258 -0.253 0.004 -0.24 -0.249 0.006
Na -0.253 -0.251 0.011 -0.305 -0.301 0.016
Mg -0.286 -0.233 0.041 -0.278 -0.233 0.039
Al -0.269 -0.267 0.035 -0.279 -0.277 0.034
Si -0.192 -0.227 0.024 -0.270 -0.296 0.021
K -0.232 -0.225 0.033 -0.207 -0.232 0.039
Ca -0.304 -0.335 0.028 -0.368 -0.399 0.024
Sc -0.202 -0.202 0.036 -0.247 -0.247 0.039
Ti -0.272 -0.276 0.013 -0.319 -0.331 0.011
Cr -0.266 -0.301 0.027 -0.342 -0.39 0.026
Mn -0.158 -0.222 0.054 -0.207 -0.252 0.042
Fe -0.265 -0.305 0.012 -0.308 -0.345 0.013
[M/H] -0.225 -0.238 0.082 -0.264 -0.278 0.086

Table A.2: Mean Abundances and Pseudo-Normalized Values for Barnard’s Star

[X/H] [X/H] Random | Pseudo [X/H] Pseudo [X/H] Random
Element . .
(mean) (median) Error (mean) (median) Error
C(CO) | -0.271  -0.267 0.019 -0.456 [0.414 0.021
O (OH) -0.160 -0.122 0.016 -0.365 -0.485 0.018
Na -0.674 -0.652 0.105 -0.689 -0.724 0.079
Mg -0.524 -0.524 0.04 -0.588 -0.588 0
Al -0.408 -0.443 0.037 -0.319 -0.285 0.07
Si -0.313 -0.313 0 -0.808 -0.808 0
K -0.558 -0.614 0.100 -0.72 -0.673 0.055
Ca -0.542 -0.49 0.061 -0.601 -0.554 0.054
Sc -0.489 -0.489 0.044 -0.848 -0.848 0
Ti -0.522 -0.545 0.033 -0.63 -0.615 0.032
Cr -0.39 -0.353 0.046 -0.486 -0.490 0.055
Mn -0.549 -0.495 0.069 -0.699 -0.618 0.070
Fe -0.633 -0.718 0.075 -0.714 -0.749 0.065
[M/H] -0.466 -0.463 0.165 -0.609 -0.604 0.161
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Appendix B

Linelist used in the Analysis of (GJ

9827

Table B.1: Linelist of Spectral Lines used in Analysis of GJ 9827

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element

966.72870 966.69662 966.78159 Cr1l
967.05441 967.01150 967.10647 Cr1l
967.55542 967.45133 967.69124 Til
970.19287 970.15031 970.22028 Cal
970.56731 970.47018 970.65511 Ti1l
971.89668 971.84966 971.96461 Ti1l
972.84153 972.73932 972.90925 Til
973.03220 973.00422 973.06419 Cr1l
973.85674 973.80891 973.89888 Fel
974.36117 974.26374 974.43367 Til
974.69214 974.63360 974.71856 Til
976.33855 976.28297 976.36294 Fe 1
976.39036 976.36294 976.42291 Fe 1
980.03074 979.96656 980.06153 Fe 1l
981.15102 981.10113 981.18610 Fe 1
986.81642 986.76897 986.84894 Fe 1
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
988.90269 988.84818 988.95814 Fel
990.09160 990.04272 990.10770 Cr1l
992.73656 992.70171 992.81167 Til
994.13932 994.11117 994.16116 Til
994.90665 994.87089 994.95085 Cr1l
999.79519 999.74403 999.86398 Til
1000.30917 1000.27383 1000.34380 Til
1001.17503 1001.12850 1001.19847 Til
1003.44931 1003.38764 1003.51759 Til
1004.88324 1004.83709 1004.92205 Til
1005.99153 1005.96666 1006.03663 Til
1006.50446 1006.47146 1006.56643 Fe 1
1006.65155 1006.62141 1006.71637 Til
1008.03598 1008.00588 1008.07585 Cr1l
1008.13926 1008.11584 1008.17581 Fel
1008.96708 1008.92553 1009.01050 Cr1l
1011.40552 1011.34961 1011.43957 Fe 1
1012.09004 1012.06433 1012.14430 Til
1014.55630 1014.46842 1014.60337 Fel
1015.51674 1015.45304 1015.55300 Fe 1
1016.74754 1016.68257 1016.79753 Fel
1019.51116 1019.47151 1019.60146 Fel
1021.63167 1021.51573 1021.70066 Fel
1021.83940 1021.79063 1021.88559 Fe 1
1026.52125 1026.48384 1026.56881 Fel
1028.89457 1028.86293 1028.92291 Sil
1034.08891 1034.03096 1034.13092 Fel
1034.38196 1034.23089 1034.50578 Cal
1037.12582 1037.04981 1037.21475 Sil
1037.90028 1037.87950 1037.94947 Fel
1039.58015 1039.52887 1039.62883 Fe 1
1039.68130 1039.62883 1039.79377 Til
1042.30347 1042.25783 1042.34279 Fel
1042.37474 1042.34279 1042.41777 Fel
1046.00603 1045.96641 1046.06638 Til
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1046.96609 1046.90106 1047.05600 Fe 1
1048.62552 1048.56043 1048.68038 Cr1l
1049.61242 1049.51506 1049.66500 Til
1051.00146 1050.95951 1051.03948 Cr1
1053.22395 1053.15368 1053.27363 Fe 1
1055.29696 1055.25787 1055.32785 Til
1055.83706 1055.77768 1055.89263 Cal
1057.71458 1057.68195 1057.75692 Fe 1
1058.46505 1058.40168 1058.49164 Til
1060.34310 1060.20599 1060.39592 Sil
1060.77311 1060.70580 1060.86574 Til
1061.67245 1061.64044 1061.70542 Fel
1064.76446 1064.71927 1064.79924 Cr1l
1066.09652 1065.99378 1066.12873 Sil
1066.16287 1066.12873 1066.24369 Til
1066.75180 1066.69851 1066.80847 Cr1l
1067.21440 1067.14334 1067.24830 Cr1l
1067.70589 1067.60317 1067.75811 Til
1068.96893 1068.87269 1069.02763 Sil
1069.42357 1069.34750 1069.51244 Sil
1072.52002 1072.49131 1072.56628 Fel
1072.63975 1072.58127 1072.69123 Til
1072.73984 1072.69123 1072.82618 Sil
1073.28728 1073.20104 1073.34098 Til
1074.64376 1074.60050 1074.68547 Na 1l
1074.93766 1074.83041 1075.07032 Sil
1075.30071 1075.26025 1075.36521 Fel
1078.06912 1078.03419 1078.09917 Fe 1
1078.30522 1078.23912 1078.36407 Fel
1078.68525 1078.58398 1078.79890 Sil
1080.13615 1080.09841 1080.18837 Crl
1081.10817 1080.99806 1081.28296 Mg 1
1081.69132 1081.65282 1081.75778 Cr1l
1081.82740 1081.78776 1081.87273 Fel
1082.16612 1082.13263 1082.20760 Cr1l
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1083.34084 1083.29219 1083.37716 Cal
1083.48619 1083.41714 1083.61707 Na 1
1084.38324 1084.29181 1084.42676 Sil
1086.35223 1086.26106 1086.41600 Fel
1086.95348 1086.82584 1087.10574 Sil
1087.29332 1087.25568 1087.37064 All
1088.17610 1088.13534 1088.21032 Fe 1l
1088.53227 1088.46522 1088.61516 Sil
1089.16777 1089.06999 1089.21493 Al1l
1089.62984 1089.57979 1089.69475 Fel
1090.57091 1090.45946 1090.61440 Cr1l
1092.99261 1092.91352 1093.03848 Cr1
1095.72511 1095.62249 1095.80742 Mg 1
1097.93064 1097.87163 1097.96660 Sil
1098.20655 1098.14653 1098.24149 Sil
1098.45338 1098.41143 1098.50639 Sil
1101.32230 1101.28533 1101.34531 Fe 1
1101.55244 1101.49026 1101.60521 Cr1l
1101.79867 1101.73016 1101.87511 Sil
1101.98233 1101.96507 1102.03505 K1
1102.27101 1102.20998 1102.29495 K1
1102.68359 1102.65481 1102.71979 Fel
1104.45736 1104.42414 1104.51910 Cr1l
1111.98028 1111.89129 1112.02124 Fel
1113.00397 1112.92590 1113.04585 Sil
1114.92630 1114.85016 1114.96512 Fel
1115.69533 1115.62487 1115.80480 Cr1
1118.75953 1118.69370 1118.82365 Sil
1125.48823 1125.38115 1125.56608 All
1128.98185 1128.91480 1129.06975 Sil
1129.88600 1129.76448 1129.94941 Fel
1131.07338 1131.02400 1131.13396 Cr1l
1133.19191 1133.13820 1133.25315 Cr1l
1133.91600 1133.86792 1133.99287 Cr1l
1135.59693 1135.54728 1135.64224 Fel
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1137.40811 1137.36159 1137.47654 Fel
1137.93348 1137.89638 1137.97635 Cr1l
1139.07512 1139.02095 1139.13591 Cr1l
1139.80608 1139.73068 1139.87563 Cr1
1142.23219 1142.12477 1142.33469 Fel
1147.30206 1147.23782 1147.37277 Cr1l
1148.58429 1148.54233 1148.61730 Sil
1159.14435 1159.08331 1159.19327 Sil
1159.35907 1159.26324 1159.42818 Fel
1159.45192 1159.42818 1159.50315 Fe 1l
1160.75738 1160.62272 1160.86263 Fel
1161.05591 1160.96259 1161.15252 Cr1l
1163.82631 1163.66156 1163.99144 Fel
1176.75476 1176.67660 1176.81155 Cal
1176.96382 1176.88153 1177.03147 K1
1177.28431 1177.17142 1177.41132 K1
1178.05555 1177.98111 1178.10106 Til
1178.32631 1178.22601 1178.43094 Fel
1179.29117 1179.17982 1179.34929 Cal
1179.71825 1179.66547 1179.76043 Ti1l
1182.81660 1182.51438 1183.22911 Mg 1
1188.28463 1188.09725 1188.35715 Fel
1188.40818 1188.35715 1188.56707 Fe 1
1189.04620 1188.97192 1189.11686 Fel
1194.95448 1194.87967 1195.07459 Til
1195.59303 1195.51443 1195.70435 Cal
1197.30426 1197.15880 1197.35372 Fe 1
1198.42031 1198.25838 1198.61824 Sil
1199.15548 1198.99810 1199.30798 Sil
1200.54089 1200.49253 1200.59749 Fel
1203.14996 1202.97658 1203.25148 Sil
1203.97927 1203.91622 1204.06117 Mg 1
1205.30610 1205.23572 1205.35068 Fel
1210.35327 1210.19383 1210.49372 Sil
1210.58225 1210.49372 1210.65366 Cal
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1211.94732 1211.89318 1212.00814 Fel
1219.01105 1218.94050 1219.07545 Fe 1
1222.71296 1222.62410 1222.79403 Fel
1227.06856 1226.91746 1227.17236 Sil
1232.00031 1231.96054 1232.09049 Nal
1234.04783 1234.00976 1234.08473 Fel
1234.29306 1234.25466 1234.34963 Fe 1l
1239.01393 1238.93788 1239.06783 Sil
1239.58134 1239.49267 1239.65760 Sil
1243.22384 1243.13628 1243.27123 K1
1252.20782 1252.07287 1252.31278 K1
1253.28334 1253.22244 1253.34239 Cr1l
1255.69983 1255.61652 1255.78646 Fe 1
1260.02769 1259.95987 1260.07982 Til
1261.59363 1261.53427 1261.65422 Fel
1263.87035 1263.73843 1263.94335 Fel
1264.87344 1264.77803 1264.93797 Fel
1267.10963 1267.05217 1267.20711 Til
1267.91291 1267.81188 1267.97181 Na 1l
1273.83881 1273.74461 1273.90955 Ti1l
1274.49120 1274.41936 1274.55930 Til
1280.71596 1280.66698 1280.76194 Fel
1281.14844 1281.10181 1281.20177 Til
1281.60261 1281.51165 1281.66160 Cal
1282.16739 1282.08644 1282.26137 Til
1282.38380 1282.29636 1282.44630 Cal
1282.48574 1282.44630 1282.55126 Fel
1282.70301 1282.63123 1282.76118 Cal
1283.14364 1283.08606 1283.22600 Til
1284.70335 1284.55050 1284.76542 Til
1287.97659 1287.91422 1288.07415 Fel
1289.97611 1289.81349 1290.07839 Mn 1
1290.90712 1290.84810 1290.95806 Cal
1291.00903 1290.95806 1291.09300 Cr1l
1291.99020 1291.94268 1292.08762 Til
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1293.70202 1293.62704 1293.80697 Cr1l
1295.08990 1295.02650 1295.13146 Til
1297.59233 1297.49057 1297.69049 Mn 1
1298.75776 1298.69511 1298.80506 Til
1300.13711 1300.08958 1300.18454 Cal
1300.66822 1300.60938 1300.78431 Fel
1301.18867 1301.14917 1301.26913 Til
1303.35471 1303.27836 1303.41331 Cal
1305.78751 1305.73742 1305.84238 Cal
1308.64171 1308.56635 1308.72129 Cal
1310.20394 1310.06577 1310.29069 Sil
1313.49285 1313.41450 1313.57444 Cal
1317.68163 1317.58291 1317.77784 Sil
1320.11472 1320.06196 1320.17192 Cr1l
1321.70206 1321.62137 1321.80130 Cr1l
1326.06991 1326.01470 1326.12465 Fel
1328.15070 1328.04392 1328.23885 Mn 1
1329.38106 1329.27345 1329.51336 Mn 1
1330.90736 1330.85285 1331.00779 Sil
1331.89948 1331.82748 1332.02241 Mn 1
1332.55892 1332.49723 1332.70215 Sil
1335.21427 1335.09624 1335.34114 Fel
1338.44556 1338.36999 1338.49994 Fe 1
1338.93704 1338.81482 1339.03473 Fel
1339.20568 1339.11970 1339.32462 Fe 1
1341.56965 1341.50879 1341.69372 Mn 1
1386.41981 1386.26174 1386.58661 Mn 1
1407.33170 1407.20376 1407.39868 Sil
1422.44871 1422.36798 1422.56290 Sil
1425.94617 1425.90163 1426.09656 Cal
1428.50238 1428.35570 1428.64559 Fel
1429.23055 1429.10541 1429.33532 Fe 1
1430.86856 1430.78977 1430.91972 Fel
1434.84626 1434.68329 1434.91820 Cr1l
1440.05243 1439.90630 1440.30115 Fel
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1443.43289 1443.38497 1443.47993 Cal
1443.75576 1443.70485 1443.81481 Fe 1
1444.22292 1444.09470 1444.31961 Fel
1451.21621 1450.98207 1451.33194 Fel
1455.49957 1455.39040 1455.69528 Fel
1456.58942 1456.49497 1456.73488 Fel
1465.10173 1465.00673 1465.15667 Fe 1l
1465.28588 1465.21165 1465.38659 Fe 1
1470.29231 1470.13977 1470.37968 Fe 1
1471.96038 1471.77415 1472.10902 Fe 1l
1472.23482 1472.15901 1472.31395 Fel
1473.75929 1473.67343 1473.81337 Fel
1474.53756 1474.48812 1474.60307 Fel
1474.97787 1474.87797 1475.05290 Fel
1476.74784 1476.68228 1476.77725 Na 1l
1477.97346 1477.87183 1478.10174 Nal
1481.47238 1481.41548 1481.62540 Fe 1
1482.63705 1482.51006 1482.79995 Fel
1484.56853 1484.50930 1484.62425 Cr1
1484.96772 1484.87416 1485.03410 Til
1495.61140 1495.50011 1495.74502 Fe 1
1497.87419 1497.76925 1497.92918 Cr1l
1498.87337 1498.78386 1499.00877 Fe 1
1502.49782 1502.32751 1503.13720 Mg 1
1504.02329 1503.55204 1504.39672 Mg 1
1504.76910 1504.51168 1504.99649 Mg 1
1507.72663 1507.66048 1507.79543 Fe 1
1509.46739 1509.36483 1509.53976 Fe 1
1511.73163 1511.64896 1511.78890 Til
1512.23463 1512.12877 1512.35869 Fel
1514.57618 1514.49287 1514.63782 OH
1514.79364 1514.73278 1514.85773 OH
1515.91120 1515.76739 1516.03728 Mn 1
1516.30477 1516.14724 1516.39215 K1
1516.83830 1516.69703 1517.00192 K1
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1518.67062 1518.63130 1518.73126 Til
1518.80932 1518.73126 1518.92119 Til
1519.44782 1519.37101 1519.54095 Fel
1520.74763 1520.57056 1520.89543 Fel
1521.76564 1521.63515 1521.85007 Mn 1
1524.49270 1524.37411 1524.63401 Fe 1
1526.23753 1526.12844 1526.36835 Mn 1
1527.85152 1527.78781 1527.95274 OH
1528.10445 1528.03771 1528.18765 OH
1529.45309 1529.18727 1529.65709 Fel
1534.37229 1534.30032 1534.44027 Fel
1537.68082 1537.60906 1537.74901 Sil
1538.10576 1537.96893 1538.14386 Til
1539.46347 1539.27843 1539.51834 Fel
1539.56302 1539.51834 1539.68327 Fel
1540.91649 1540.79285 1540.98778 OH
1541.94375 1541.87244 1542.00239 OH
1550.12634 1550.01933 1550.29423 Fel
1553.16955 1553.09816 1553.27309 Fel
1553.42187 1553.32308 1553.49801 Fe 1
1554.37559 1554.29770 1554.50762 Til
1556.02420 1555.96207 1556.15700 OH
1556.87700 1556.82174 1556.93670 OH
1557.20727 1557.14662 1557.26657 OH
1559.14791 1558.93594 1559.27081 Fel
1560.28450 1560.19546 1560.33540 Til
1560.42203 1560.33540 1560.52533 Fe 1
1561.11168 1561.03514 1561.19508 Fel
1562.16075 1561.88481 1562.37463 Fel
1563.19058 1563.01438 1563.40923 Fel
1564.84373 1564.67875 1565.01362 Fel
1566.19533 1565.97326 1566.40309 Fel
1568.00236 1567.89252 1568.09745 Cr1l
1569.89692 1569.85178 1569.98173 Til
1571.55703 1571.46116 1571.65609 Til
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1571.71182 1571.65609 1571.78104 OH
1571.96860 1571.86601 1572.02595 OH
1572.35408 1572.18089 1572.48078 Fel
1573.04269 1572.99558 1573.10554 OH
1574.07052 1573.77028 1574.16014 Mg 1
1574.89487 1574.57998 1575.21473 Mg 1
1576.58087 1576.23435 1576.80413 Mg 1
1577.40213 1577.28395 1577.49886 Fe 1
1577.68367 1577.60382 1577.80375 OH
1577.87709 1577.80375 1577.95869 OH
1579.85515 1579.72302 1579.95793 Fel
1581.81024 1581.69227 1582.00715 Fel
1582.17425 1582.10211 1582.19707 Fel
1582.27572 1582.19707 1582.38700 Fel
1583.36171 1583.24167 1583.43660 Sil
1583.51471 1583.43660 1583.63652 Fe 1
1583.67901 1583.63652 1583.71649 Til
1583.76034 1583.71649 1583.90642 Fel
1586.84681 1586.72535 1587.04023 Fel
1587.94878 1587.88491 1588.07983 Mg 1
1588.83702 1588.66961 1589.07445 Sil
1589.21788 1589.15942 1589.29937 OH
1589.77177 1589.68922 1589.88414 OH
1590.59740 1590.50391 1590.76881 Fe 1
1591.04142 1590.95873 1591.08369 OH
1596.48245 1596.38667 1596.60158 Fel
1597.12078 1597.06141 1597.18136 Fel
1598.07069 1597.95607 1598.28094 Fel
1600.68192 1600.57507 1600.76000 Fel
1600.95363 1600.85996 1601.07488 Fel
1601.53419 1601.44474 1601.58968 Crl
1603.68745 1603.50895 1603.73387 OH
1603.85197 1603.80884 1603.93379 OH
1604.27078 1604.17370 1604.40361 Fel
1605.27564 1605.21330 1605.34325 OH
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1605.54546 1605.49320 1605.63814 OH
1605.99121 1605.88305 1606.12296 Sil
1606.16973 1606.12296 1606.29289 OH
1606.50405 1606.41285 1606.63276 OH
1606.95204 1606.83768 1607.00262 OH
1607.41471 1607.33249 1607.47244 OH
1610.23602 1610.09644 1610.45131 Fe 1l
1611.59611 1611.54089 1611.75081 Fel
1612.59086 1612.48053 1612.77042 Fel
1613.67931 1613.62510 1613.86001 Cal
1615.07129 1614.99457 1615.19450 Cal
1615.31686 1615.19450 1615.40942 Fel
1615.52506 1615.40942 1615.58435 Cal
1615.72808 1615.58435 1615.89423 Cal
1616.37292 1616.24410 1616.41903 Sil
1616.50058 1616.41903 1616.68393 Fe 1
1617.49620 1617.36367 1617.64856 Fel
1618.08956 1618.03342 1618.19336 Fel
1619.01506 1618.95806 1619.07802 OH
1619.21175 1619.14799 1619.27294 OH
1619.50378 1619.35291 1619.57283 Fe 1
1619.70033 1619.57283 1619.77775 Cal
1620.40993 1620.30755 1620.55745 Cal
1621.35519 1621.24219 1621.47211 Fel
1621.56758 1621.47211 1621.63205 Sil
1623.59412 1623.49134 1623.70626 Fel
1624.17877 1624.00114 1624.27104 Sil
1624.64370 1624.60091 1624.73586 Fel
1625.49947 1625.43060 1625.55055 OH
1626.01419 1625.94540 1626.07535 OH
1628.47409 1628.39447 1628.58939 Fe 1
1629.27770 1629.14918 1629.33911 Fe 1
1631.63261 1631.38333 1631.80817 Fel
1632.43860 1632.23800 1632.56288 Fel
1633.05925 1632.98772 1633.10267 Til
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1633.14713 1633.10267 1633.23762 Fel
1635.22028 1635.12690 1635.28684 OH
1636.45858 1636.39142 1636.57635 OH
1636.81285 1636.74629 1636.94121 OH
1637.74653 1637.66594 1637.84087 Fe 1
1638.01346 1637.84087 1638.05579 Sil
1638.15604 1638.05579 1638.33068 Sil
1639.43309 1639.31031 1639.54022 Fel
1639.63961 1639.60020 1639.67517 Fe 1
1639.81642 1639.71515 1639.95506 Fel
1640.15527 1640.05503 1640.25495 Til
1640.46438 1640.38990 1640.54984 Fel
1640.78639 1640.68978 1640.88471 Fe 1
1643.48970 1643.42874 1643.56369 Sil
1644.03920 1643.98353 1644.12847 Fel
1644.47730 1644.41836 1644.64328 Fel
1646.69012 1646.57754 1646.81245 Fe 1
1648.66289 1648.49681 1648.97163 Fel
1650.62557 1650.50604 1650.74095 Fel
1651.72353 1651.56064 1651.85553 Fe 1
1652.20332 1652.06545 1652.28536 Fel
1652.35035 1652.28536 1652.39032 OH
1652.44558 1652.39032 1652.57026 Fel
1652.62365 1652.57026 1652.75519 OH
1653.45786 1653.37495 1653.51490 OH
1653.85784 1653.66984 1654.01471 OH
1654.13436 1654.01471 1654.30959 Fe 1
1656.17271 1656.03893 1656.34882 Fe 1
1663.51804 1663.45611 1663.60105 Til
1664.58345 1664.49071 1664.76561 Fel
1666.54411 1666.35000 1666.65489 Fe 1
1668.07497 1667.95439 1668.30926 Sil
1670.43532 1670.34348 1670.52341 OH
1671.43529 1671.31811 1671.49304 OH
1671.89120 1671.55302 1672.12780 Al1l
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Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1675.05181 1674.95173 1675.14665 Al1l
1676.33134 1676.20125 1676.49614 Al1l
1682.81114 1682.73376 1682.89870 Sil
1689.51816 1689.43121 1689.63613 OH
1690.42699 1690.32587 1690.49081 OH
1690.92775 1690.86566 1690.99561 OH
1696.98850 1696.83839 1697.16826 Fe 1l
1700.53786 1700.47200 1700.60195 Fel
1701.10167 1700.97181 1701.22671 Fel
1709.63810 1709.50856 1709.68849 OH
1710.86089 1710.74309 1710.98799 Mg 1
1716.10708 1715.99109 1716.24099 Fel
1720.42523 1720.28445 1720.49937 Fel
1730.22595 1730.09072 1730.35062 Fel
1730.84291 1730.72547 1730.89541 OH
1731.29781 1731.22028 1731.40521 OH
1731.61087 1731.52517 1731.67011 OH
1732.22315 1732.07496 1732.31987 OH
1732.73164 1732.60476 1732.97961 Sil
1738.84282 1738.74742 1738.90236 Ti1l
1748.06691 1747.97890 1748.18882 Fe 1
1753.88861 1753.79168 1754.01660 OH
1760.86061 1760.77402 1760.96395 Fe 1
1761.70308 1761.55373 1761.83862 Sil
1768.38740 1768.29116 1768.49108 Fe 1
1769.58955 1769.43072 1769.64064 Fel
1770.66655 1770.49532 1770.75522 Fel
1772.11936 1771.99974 1772.33462 Fel
1772.80979 1772.61951 1772.96938 Fel
1777.10790 1776.99284 1777.21276 Fel
1782.25526 1782.14588 1782.37579 Fe 1
1783.60740 1783.47537 1783.74527 Fel
1784.59543 1784.44500 1784.74489 Fe 1l
1793.00742 1792.80182 1793.13169 Fel
1793.77909 1793.57652 1793.98137 Fe 1

84


http://www.mcmaster.ca/
https://www.physics.mcmaster.ca/ece
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Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1795.60127 1795.40583 1795.67072 Fe 1
1798.23083 1798.13978 1798.33471 Fel
1807.36919 1807.27130 1807.44624 Fel
1809.63194 1809.42548 1809.77535 Fel
1812.79951 1812.72423 1812.90416 Fel
1818.99265 1818.83690 1819.12179 Fe 1
1844.17934 1844.04229 1844.33218 Fe 1l
1879.09913 1879.06395 1879.12392 Fel
1885.66477 1885.50649 1885.92633 Fe 1
1892.54794 1892.36888 1892.66376 Cal
1911.36786 1911.22169 1911.46660 Fel
1935.46245 1935.37749 1935.52243 Fel
1938.60091 1938.33136 1938.86116 Sil
1942.52063 1942.33983 1942.63972 Mg 1
1943.29566 1943.07455 1943.43442 Sil
1963.52252 1963.24187 1963.71169 Fel
1972.24802 1971.99353 1972.52333 Sil
1981.49681 1981.33497 1981.74982 Cal
1985.30145 1985.01357 1985.65333 Cal
1991.71332 1991.51609 1991.90595 Cal
1992.32952 1992.24082 1992.45074 Fe 1
1992.89014 1992.70564 1993.03052 Sil
1993.36310 1993.08550 1993.64528 Cal
1996.17382 1995.91942 1996.32426 Cal
1997.00443 1996.94902 1997.05898 Fel
2023.89072 2023.71882 2023.93874 Cr1l
2029.64043 2029.48662 2029.74653 Sil
2034.97348 2034.88457 2035.03451 Fel
2037.84517 2037.80845 2037.94340 Sil
2069.83801 2069.65632 2070.02618 Fel
2071.68539 2071.53560 2071.78551 Fel
2091.71083 2091.56297 2091.85786 Sil
2096.23990 2096.17621 2096.39613 Cal
2109.29741 2109.10628 2109.46615 Al1l
2116.36919 2115.93868 2116.60843 Al1l
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Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2123.84284 2123.69572 2123.99561 Fel
2177.96453 2177.81010 2178.04501 Sil
2178.29361 2178.13498 2178.42987 Til
2181.96742 2181.87855 2182.09347 Sil
2185.13655 2185.03735 2185.19229 Fel
2189.73719 2189.61560 2189.85551 Til
2200.44971 2200.25155 2200.57143 Til
2205.64304 2205.30463 2206.04934 Nal
2206.53129 2206.41920 2206.61413 Sc 1
2208.36775 2208.08357 2208.66335 Na 1l
2221.12177 2221.01364 2221.20357 Til
2223.28539 2223.17282 2223.47270 Til
2225.71046 2225.59189 2225.88678 Fel
2226.01753 2225.92677 2226.15168 Fe 1l
2226.67067 2226.59651 2226.78644 Sc1
2227.40298 2227.27125 2227.53116 Til
2231.05801 2230.94485 2231.15477 Til
2238.07688 2237.78725 2238.25207 Fel
2239.29051 2239.14173 2239.37664 Fel
2244.39032 2244.26478 2244.48969 Til
2260.79268 2260.48360 2260.94342 Cal
2261.98403 2261.77311 2262.08799 Fel
2262.49608 2262.19295 2262.60779 Cal
2265.12395 2264.78196 2265.28677 Cal
2265.36574 2265.28677 2265.51668 Cal
2280.77227 2280.44599 2281.04576 Mg 1
2292.92294 2292.73131 2292.98121 CO
2293.72358 2293.65096 2293.74592 CO
2293.78553 2293.74592 2293.86088 CO
2294.00361 2293.93585 2294.03581 CO
2294.07708 2294.03581 2294.16077 CO
2294.32630 2294.24573 2294.36569 CO
2294.40763 2294.36569 2294.56561 CO
2294.69263 2294.56561 2294.73055 CO
2294.77795 2294.73055 2294.96046 CcO
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Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2295.09829 2294.96046 2295.13539 CcO
2295.18808 2295.13539 2295.26534 CO
2295.54663 2295.38030 2295.58522 CO
2295.63802 2295.58522 2295.72517 CO
2296.03669 2295.95008 2296.07504 CO
2296.12832 2296.07504 2296.22998 CO
2296.33434 2296.22998 2296.43490 Til
2296.56963 2296.49987 2296.60983 CO
2296.65945 2296.60983 2296.73978 CO
2297.14449 2297.02467 2297.17961 CO
2297.23062 2297.17961 2297.31956 CO
2297.76104 2297.57946 2297.78938 CO
2297.84253 2297.78938 2297.94432 CO
2298.41853 2298.34917 2298.44413 CO
2298.49168 2298.44413 2298.56409 CO
2299.18012 2298.99392 2299.26382 CO
2299.90821 2299.77862 2300.06851 CO
2300.68001 2300.56832 2300.80323 CO
2301.49622 2301.37801 2301.58294 CO
2302.35057 2302.21270 2302.45760 CcO
2303.24591 2303.11235 2303.35226 CO
2304.17618 2304.09698 2304.32189 CO
2305.14547 2304.98664 2305.20656 CO
2305.24416 2305.20656 2305.31651 CcO
2306.15770 2306.06123 2306.23117 CO
2306.29139 2306.23117 2306.36611 CO
2307.21055 2307.09084 2307.29076 CO
2307.38938 2307.32075 2307.44070 CO
2308.30204 2308.16543 2308.40034 CO
2308.52453 2308.40034 2308.59526 CO
2309.43458 2309.31499 2309.55990 CO
2309.70917 2309.63487 2309.76482 CO
2310.60809 2310.52453 2310.75444 CO
2310.92948 2310.83941 2311.06932 CO
2311.82207 2311.69908 2311.90400 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2312.20870 2312.13392 2312.28386 CcO
2313.07525 2312.92362 2313.20351 CO
2313.52850 2313.37844 2313.59836 CO
2314.37064 2314.26810 2314.51801 CO
2314.88795 2314.82289 2314.98783 CO
2315.70369 2315.62259 2315.83750 CO
2316.42643 2316.32732 2316.56723 Fe 1l
2317.07900 2316.93709 2317.15700 CO
2317.75477 2317.71179 2317.86173 CO
2318.49632 2318.42152 2318.58646 CO
2319.25780 2319.19123 2319.38115 CO
2319.95265 2319.87597 2320.10088 CO
2320.80293 2320.72064 2320.86559 CO
2321.44820 2321.37040 2321.61530 CO
2322.04547 2321.82522 2322.15510 CO
2322.32840 2322.28005 2322.35002 CO
2322.38177 2322.35002 2322.44499 CO
2322.50652 2322.44499 2322.53995 CO
2322.57886 2322.53995 2322.65491 CO
2322.72835 2322.65491 2322.76986 CcO
2322.81647 2322.76986 2322.90981 CO
2322.99010 2322.90981 2323.04476 CO
2323.09408 2323.04476 2323.19970 CO
2323.30219 2323.19970 2323.35464 CcO
2323.41323 2323.35464 2323.55456 CO
2323.65416 2323.55456 2323.70951 CO
2323.77339 2323.70951 2323.89443 CO
2324.04750 2323.96441 2324.10935 CO
2324.17564 2324.10935 2324.34426 CO
2324.48318 2324.34426 2324.51920 CO
2324.96106 2324.87406 2325.02400 CO
2325.10355 2325.02400 2325.22393 CO
2325.48305 2325.40386 2325.54880 CO
2325.62918 2325.54880 2325.70375 CO
2325.73454 2325.70375 2325.81370 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2326.04925 2325.97864 2326.11359 CcO
2326.19189 2326.11359 2326.30352 CO
2326.65795 2326.49844 2326.72336 CO
2326.80196 2326.72336 2326.89829 CO
2327.31006 2327.22816 2327.37311 CO
2327.45196 2327.37311 2327.72797 CO
2327.84832 2327.72797 2327.93290 CO
2328.00568 2327.93290 2328.06784 CO
2328.14117 2328.06784 2328.25777 CO
2328.74597 2328.66762 2328.80256 CO
2328.87147 2328.80256 2328.98250 CO
2329.54328 2329.42733 2329.59226 CO
2329.64353 2329.59226 2329.75220 CO
2330.35705 2330.25701 2330.39696 CO
2330.45725 2330.39696 2330.57189 CO
2331.30527 2331.15667 2331.44656 CO
2332.20530 2332.05133 2332.29623 CO
2334.11933 2334.04057 2334.26048 CO
2334.84511 2334.58036 2335.04019 Na 1l
2335.14217 2335.04019 2335.27510 CcO
2336.19973 2335.99982 2336.32970 CO
2336.77383 2336.67456 2336.84950 CO
2337.30003 2337.21436 2337.36430 CO
2337.39994 2337.36430 2337.46926 CcO
2337.91351 2337.59921 2338.24397 Na 1l
2338.44253 2338.32893 2338.52886 CO
2338.58875 2338.52886 2338.62882 CO
2338.68225 2338.62882 2338.76377 CO
2339.62543 2339.50349 2339.72840 CO
2339.82125 2339.72840 2339.90833 CO
2340.63389 2340.55808 2340.70303 CO
2340.85049 2340.74801 2340.94794 CO
2341.10318 2341.04790 2341.17785 CO
2342.11662 2341.96755 2342.22245 CO
2342.42837 2342.36240 2342.53233 CO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2342.63136 2342.53233 2342.71726 CcO
2343.42575 2343.33703 2343.50696 CO
2343.80056 2343.70189 2343.87182 CO
2344.14630 2343.99677 2344.27667 Til
2344.77416 2344.70650 2344.94641 CO
2345.22360 2345.16633 2345.30628 CO
2346.16481 2346.02100 2346.30090 CO
2346.68798 2346.55580 2346.74073 CO
2347.59715 2347.50544 2347.75034 CO
2348.20371 2348.11021 2348.26015 CO
2349.07149 2348.98487 2349.17480 CO
2349.76306 2349.67461 2349.89952 CO
2350.58699 2350.50929 2350.66423 CO
2351.37100 2351.30399 2351.56389 CO
2351.85281 2351.70384 2352.00872 CO
2352.04368 2352.00872 2352.07370 CO
2352.29125 2352.24363 2352.35359 CO
2352.41009 2352.35359 2352.45855 CO
2352.51512 2352.45855 2352.58850 CO
2352.65764 2352.58850 2352.71845 CcO
2352.77904 2352.71845 2352.86340 CO
2352.95105 2352.86340 2353.00334 CO
2353.08714 2353.00334 2353.16328 CO
2353.28177 2353.16328 2353.35321 CcO
2353.43771 2353.35321 2353.52314 CO
2353.66564 2353.52314 2353.69808 CO
2353.74465 2353.69808 2353.78804 CO
2353.82901 2353.78804 2353.92299 CO
2354.08590 2354.00796 2354.18289 CO
2354.26503 2354.18289 2354.36282 CO
2354.55554 2354.43780 2354.64772 CO
2354.74242 2354.64772 2354.86763 CO
2355.06565 2355.00258 2355.17751 CO
2355.26296 2355.17751 2355.32246 CO
2355.38251 2355.32246 2355.43741 CcO
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Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2355.47726 2355.43741 2355.53738 CcO
2355.62233 2355.53738 2355.72231 CO
2355.82494 2355.72231 2355.94722 CO
2356.22032 2356.14215 2356.31708 CO
2356.42848 2356.31708 2356.54699 CO
2356.65629 2356.54699 2356.79190 Fel
2356.86518 2356.79190 2356.94684 CO
2357.07301 2356.94684 2357.16176 CO
2357.55221 2357.39167 2357.62658 CO
2357.76338 2357.62658 2357.85649 CO
2358.28940 2358.20636 2358.41128 CO
2358.49277 2358.41128 2358.61620 CO
2358.79649 2358.71117 2358.94608 CO
2359.06880 2358.94608 2359.18099 CO
2359.26483 2359.18099 2359.43589 CO
2359.89250 2359.77076 2359.97069 CO
2360.08562 2359.97069 2360.25558 CO
2360.56502 2360.40552 2360.68541 CO
2360.76392 2360.68541 2360.84036 CO
2360.93488 2360.84036 2361.01529 CcO
2361.67750 2361.58507 2361.74501 CO
2361.83435 2361.74501 2361.94993 CO
2362.37482 2362.26481 2362.42975 CO
2362.47956 2362.42975 2362.56470 CcO
2362.63275 2362.56470 2362.69965 CO
2362.77545 2362.69965 2362.86458 CO
2363.64153 2363.51933 2363.69427 CO
2363.75777 2363.69427 2363.88919 CO
2364.00517 2363.93917 2364.06413 CO
2364.22648 2364.15409 2364.34402 CO
2364.69654 2364.61892 2364.72887 CO
2364.78304 2364.72887 2364.84883 CO
2364.89846 2364.84883 2365.07374 CO
2365.84847 2365.71350 2365.94341 CO
2366.12345 2366.05337 2366.20831 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2366.95761 2366.84807 2367.04799 CcO
2367.36126 2367.27290 2367.45783 CO
2368.10612 2367.97264 2368.26753 CO
2369.30288 2369.17718 2369.42209 CO
2369.48358 2369.42209 2369.52705 Fel
2369.87163 2369.79194 2369.95188 CO
2370.04472 2369.95188 2370.11182 CO
2370.54059 2370.45669 2370.61163 CO
2370.65470 2370.61163 2370.72659 CO
2371.82244 2371.69622 2371.87115 CO
2371.90110 2371.87115 2371.96112 Til
2371.98858 2371.96112 2372.02609 CO
2372.06554 2372.02609 2372.13105 CO
2372.42122 2372.25601 2372.52090 CO
2373.14204 2373.02571 2373.25562 CO
2373.37562 2373.25562 2373.49553 CO
2374.50640 2374.35521 2374.59012 CO
2374.80238 2374.74506 2374.90999 CO
2375.01794 2374.90999 2375.12491 CO
2375.91317 2375.80465 2376.00958 CcO
2376.27975 2376.13953 2376.34445 CO
2377.36286 2377.27409 2377.47402 CO
2377.65535 2377.54899 2377.73892 CO
2377.80935 2377.73892 2377.87386 CcO
2378.40862 2378.31870 2378.51362 CO
2378.85593 2378.76852 2378.93846 CO
2379.38261 2379.33331 2379.49825 CO
2380.59898 2380.52286 2380.67780 CO
2381.96888 2381.86234 2382.07726 CO
2382.32911 2382.20721 2382.48711 CO
2382.53031 2382.48711 2382.56708 CO
2382.59303 2382.56708 2382.64205 CO
2382.69178 2382.64205 2382.74201 CO
2382.79262 2382.74201 2382.85697 CO
2382.90094 2382.85697 2382.95693 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2383.01845 2382.95693 2383.03690 CcO
2383.06473 2383.03690 2383.11187 CO
2383.15659 2383.11187 2383.22183 CO
2383.28969 2383.22183 2383.37177 CO
2383.45220 2383.37177 2383.51671 CO
2383.59633 2383.51671 2383.70164 CO
2383.79332 2383.70164 2383.86658 CO
2383.97175 2383.86658 2384.09150 CO
2384.17547 2384.09150 2384.25143 CO
2384.38436 2384.25143 2384.51633 CO
2384.60105 2384.51633 2384.74625 CO
2384.83894 2384.74625 2384.98116 CO
2385.08027 2384.98116 2385.18108 CO
2385.25285 2385.18108 2385.30103 CO
2385.33547 2385.30103 2385.44598 CO
2385.58450 2385.49596 2385.68089 CO
2386.14063 2386.05575 2386.25067 CO
2386.47027 2386.34064 2386.59054 CO
2386.73834 2386.65552 2386.88043 CO
2386.95885 2386.88043 2387.03537 CcO
2387.10663 2387.03537 2387.26029 CO
2387.38572 2387.26029 2387.43022 CO
2387.44994 2387.43022 2387.53019 CO
2387.78723 2387.70512 2387.87006 CcO
2388.06951 2387.92503 2388.15495 CO
2388.51876 2388.29989 2388.58478 CO
2388.79781 2388.74972 2388.93465 CO
2389.28684 2389.20955 2389.36948 CO
2389.57047 2389.47944 2389.71935 CO
2389.82698 2389.71935 2390.02923 CO
2390.11043 2390.02923 2390.20916 CO
2390.38601 2390.27914 2390.44407 CO
2390.50215 2390.44407 2390.60401 CO
2390.97399 2390.87891 2391.04385 CO
2391.24347 2391.13381 2391.34373 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2391.52671 2391.41371 2391.63362 CcO
2391.89081 2391.82355 2391.97849 CO
2392.14582 2391.97849 2392.19841 CO
2392.24107 2392.19841 2392.28837 CO
2392.33820 2392.28837 2392.45831 CO
2392.84547 2392.76819 2392.92313 CO
2393.09164 2392.98311 2393.20302 CO
2393.85677 2393.78780 2393.98772 CO
2394.08084 2393.98772 2394.15266 CO
2394.21983 2394.15266 2394.35259 CO
2394.43785 2394.35259 2394.52752 CO
2394.70327 2394.62748 2394.82740 CO
2394.90640 2394.82740 2394.98235 CO
2395.11420 2394.98235 2395.25224 CO
2396.01036 2395.91699 2396.07193 CO
2397.20470 2397.04656 2397.25648 CO
2397.30563 2397.25648 2397.35144 CO
2397.39211 2397.35144 2397.54137 CO
2397.88938 2397.82126 2397.99120 CO
2398.11081 2397.99120 2398.23111 CcO
2398.35507 2398.28109 2398.40104 CO
2398.46769 2398.40104 2398.63095 CO
2399.67175 2399.52561 2399.72054 CO
2399.75932 2399.72054 2399.84049 CcO
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Appendix C

Linelist used in the Analysis of

Barnard’s Star

Table C.2: Linelist of Spectral Lines used in Analysis of Barnard’s Star

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element

966.14186 966.10565 966.21522 Til
967.55456 967.37941 967.71183 Til
970.56645 970.46594 970.67314 Til
971.89593 971.83621 971.96589 Ti1l
973.45706 973.42270 973.51362 Cr1l
974.69152 974.65083 974.72236 Til
977.03046 976.90644 977.18020 Til
978.76886 978.67094 978.90275 Ti1l
983.21403 983.16993 983.26504 Til
1000.30907 1000.28200 1000.34540 Til
1003.44360 1003.38650 1003.52708 Til
1004.88313 1004.85353 1004.92727 Til
1012.08937 1012.05211 1012.12300 Til
1034.38076 1034.23124 1034.58663 Cal
1039.68049 1039.60965 1039.83161 Ti1l
1042.30482 1042.26240 1042.34932 Fe 1
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1042.38677 1042.34932 1042.41539 Fel
1048.62466 1048.59160 1048.66505 Cr1l
1049.61153 1049.50140 1049.70446 Til
1050.99912 1050.94471 1051.02884 Cr1
1058.46349 1058.40992 1058.56527 Ti1l
1060.77274 1060.71430 1060.83106 Til
1064.76361 1064.72352 1064.82652 Cr1l
1066.16266 1066.09885 1066.23755 Ti1l
1066.72253 1066.68933 1066.81031 Cr1l
1067.21210 1067.15554 1067.24097 Cr1l
1067.70434 1067.55786 1067.79647 Til
1072.63832 1072.56921 1072.74453 Til
1073.28646 1073.23487 1073.32795 Til
1074.92482 1074.83629 1074.96537 Sil
1077.48604 1077.36329 1077.58971 Til
1090.57333 1090.49862 1090.59683 Cr1l
1115.69402 1115.65032 1115.72847 Cr1l
1125.31838 1125.19915 1125.40184 All
1125.48736 1125.40184 1125.59331 Al1l
1129.88785 1129.82514 1129.94575 Fel
1131.07140 1131.04309 1131.14118 Cr1l
1133.92126 1133.84215 1133.95184 Cr1l
1142.23192 1142.16288 1142.33814 Fel
1143.91376 1143.82900 1143.98544 Fel
1147.30287 1147.25654 1147.35221 Cr1l
1148.46126 1148.38984 1148.53924 Cr1l
1159.35836 1159.26634 1159.45197 Fel
1160.75686 1160.62829 1160.84898 Fel
1161.05496 1160.99614 1161.11232 Cr1l
1163.82566 1163.74511 1163.95086 Fel
1169.01845 1168.84144 1169.15729 K1
1176.96366 1176.85359 1177.05774 K1
1177.28357 1177.16767 1177.47399 K1
1178.32705 1178.22834 1178.39735 Fel
1179.71619 1179.65978 1179.78177 Ti1l
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1182.81514 1182.66595 1182.97369 Mg 1
1188.28384 1188.18198 1188.35638 Fel
1188.40738 1188.35638 1188.57045 Fel
1194.95351 1194.89895 1194.99063 Til
1195.59072 1195.54083 1195.65249 Cal
1243.22230 1243.10919 1243.35801 K1
1252.20906 1251.97282 1252.35291 K1
1260.02719 1259.94528 1260.07977 Til
1267.10817 1266.98341 1267.20320 Til
1267.91293 1267.80356 1268.14192 Na 1
1273.83784 1273.75916 1273.91213 Til
1274.49372 1274.43490 1274.56244 Til
1281.14819 1281.10520 1281.19067 Til
1281.60036 1281.48986 1281.65658 Cal
1282.16686 1282.05423 1282.25524 Til
1282.37650 1282.31940 1282.44773 Cal
1282.70215 1282.63168 1282.75576 Cal
1283.14310 1283.09383 1283.27360 Til
1284.70310 1284.58840 1284.83695 Til
1287.97611 1287.92640 1288.08967 Fe 1
1289.97616 1289.81376 1290.19672 Mn 1
1291.01114 1290.96730 1291.12664 Cr1l
1291.99001 1291.93225 1292.08740 Til
1293.70312 1293.65717 1293.74779 Cr1l
1297.59422 1297.49906 1297.71547 Mn 1
1301.18836 1301.09193 1301.27856 Til
1312.34072 1312.15792 1312.63509 Al1l
1315.07426 1314.79545 1315.28674 Al1l
1320.11388 1320.06882 1320.18772 Cr1l
1328.78310 1328.73195 1328.82946 Fel
1329.39381 1329.28165 1329.49894 Mn 1
1331.89674 1331.82032 1331.96693 Mn 1
1386.41711 1386.35005 1386.49804 Mn 1
1513.08841 1513.03605 1513.13194 OH
1514.57418 1514.51047 1514.65698 OH
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1526.61687 1526.55630 1526.65814 OH
1527.84934 1527.80436 1527.93177 OH
1533.48415 1533.38979 1533.59440 Til
1540.72407 1540.66495 1540.80372 OH
1540.91314 1540.80372 1541.00931 OH
1549.02815 1548.98184 1549.10068 Fel
1554.37472 1554.31284 1554.42691 Til
1556.02427 1555.95205 1556.10776 OH
1556.87660 1556.83981 1556.94367 OH
1557.20731 1557.16181 1557.25011 OH
1562.67061 1562.56267 1562.70340 OH
1562.73660 1562.70340 1562.79723 OH
1565.19007 1565.12915 1565.22835 OH
1571.55699 1571.46421 1571.60575 Til
1571.70524 1571.65293 1571.79973 OH
1571.96564 1571.84691 1572.01995 OH
1573.03993 1572.96410 1573.11626 OH
1575.54831 1575.48985 1575.60022 OH
1575.65198 1575.60022 1575.73687 OH
1577.67858 1577.57758 1577.72493 OH
1588.48745 1588.44451 1588.56108 OH
1588.78514 1588.70945 1588.84194 OH
1589.21281 1589.16526 1589.27659 OH
1589.76518 1589.67953 1589.87574 OH
1603.68352 1603.59044 1603.79371 OH
1605.27754 1605.19059 1605.37264 OH
1605.54458 1605.49046 1605.64577 OH
1606.17128 1606.12251 1606.24574 OH
1606.50107 1606.40648 1606.55652 OH
1606.95110 1606.89417 1607.03354 OH
1607.41495 1607.36056 1607.48388 OH
1619.01278 1618.89158 1619.06980 OH
1619.21048 1619.15081 1619.33985 OH
1624.78819 1624.69621 1624.89132 OH
1625.16406 1625.08103 1625.23282 OH
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1626.01122 1625.95400 1626.11129 OH
1635.21712 1635.13486 1635.32576 OH
1635.45532 1635.39122 1635.52215 OH
1636.81114 1636.73918 1636.95212 OH
1644.37273 1644.30173 1644.47177 OH
1644.80278 1644.67474 1644.86676 OH
1647.27392 1647.20026 1647.33763 OH
1652.34862 1652.24640 1652.43380 OH
1652.62230 1652.50545 1652.78108 OH
1653.45626 1653.36006 1653.53103 OH
1653.85650 1653.79580 1653.92820 OH
1658.12248 1658.04894 1658.18168 OH
1660.54532 1660.50084 1660.64485 OH
1660.74961 1660.64485 1660.83874 OH
1670.43379 1670.33914 1670.52859 OH
1671.43523 1671.35907 1671.49287 OH
1671.88436 1671.73264 1671.98917 Al1l
1672.83825 1672.78689 1672.89291 OH
1672.97366 1672.89291 1673.06032 OH
1675.04768 1674.96443 1675.13205 Al1l
1676.31835 1676.23318 1676.37856 All
1688.45017 1688.31461 1688.50046 OH
1688.62572 1688.57368 1688.68070 OH
1689.51623 1689.39059 1689.59910 OH
1689.88325 1689.78510 1689.96547 OH
1690.27128 1690.18534 1690.34320 OH
1690.42443 1690.34320 1690.48981 OH
1690.92652 1690.85637 1691.02558 OH
1705.22114 1705.15774 1705.40802 OH
1706.61205 1706.56890 1706.66567 OH
1706.94533 1706.88201 1706.97881 OH
1709.63605 1709.54868 1709.72546 OH
1710.03242 1709.99352 1710.10761 OH
1710.46685 1710.36432 1710.54689 OH
1710.86324 1710.76373 1710.94634 Mg 1
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
1711.01070 1710.94634 1711.12327 OH
1723.97845 1723.92189 1724.05415 OH
1730.84027 1730.80154 1730.87082 OH
1731.29062 1731.21727 1731.34432 OH
1741.09654 1740.99829 1741.13187 OH
1742.39400 1742.34031 1742.50305 OH
1761.06275 1761.03775 1761.09062 OH
1762.38309 1762.32467 1762.46576 OH
1781.45390 1781.41482 1781.50990 OH
1783.07165 1783.01993 1783.11509 OH
1803.36581 1803.33251 1803.41072 OH
1803.80824 1803.71753 1803.85592 OH
1804.36260 1804.28920 1804.42161 OH
2189.73450 2189.63303 2189.86676 Til
2200.44546 2200.36666 2200.53548 Til
2205.64175 2205.32650 2205.90035 Na 1
2208.36790 2208.14571 2208.66136 Na 1
2226.66432 2226.57724 2226.69608 Sc1
2227.39937 2227.29778 2227.49096 Til
2239.46916 2239.34369 2239.56779 Sc1
2262.50632 2262.24994 2262.61218 Cal
2265.12235 2264.98326 2265.33082 Cal
2292.92057 2292.72054 2292.98058 CO
2292.92057 2292.72054 2292.98058 CcO
2293.01571 2292.98058 2293.07236 CO
2293.14101 2293.07236 2293.22534 CO
2293.31865 2293.22534 2293.40129 CO
2293.53258 2293.40129 2293.66140 CO
2293.78108 2293.66140 2293.91389 CO
2294.00048 2293.91389 2294.02867 CO
2294.07429 2294.02867 2294.15876 CO
2294.32585 2294.24294 2294.35008 CO
2294.40589 2294.35008 2294.47253 CO
2294.68926 2294.64092 2294.72511 CO
2294.77611 2294.72511 2294.87055 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2295.09721 2295.03131 2295.13083 CcO
2295.18807 2295.13083 2295.32989 CO
2295.54786 2295.47536 2295.57491 CO
2295.63942 2295.57491 2295.78166 CO
2296.04149 2295.91951 2296.07268 CO
2296.12679 2296.07268 2296.21820 CO
2296.56769 2296.46332 2296.60120 CO
2296.66173 2296.60120 2296.83869 CO
2297.22780 2297.08387 2297.29843 CO
2300.68763 2300.52680 2300.82609 CO
2307.20666 2307.10490 2307.29730 CO
2308.30031 2308.05166 2308.41354 CO
2309.43336 2309.29921 2309.57653 CO
2310.59813 2310.47807 2310.76324 CO
2311.81929 2311.69608 2311.93514 CO
2313.07339 2312.93789 2313.23880 CO
2314.36257 2314.25755 2314.58951 CO
2315.70018 2315.54707 2315.76335 CO
2317.07983 2317.02279 2317.23148 CO
2318.49624 2318.36025 2318.67734 CcO
2319.95212 2319.87646 2320.04671 CO
2321.44655 2321.35494 2321.50981 CO
2322.57011 2322.44699 2322.65616 CO
2322.72664 2322.65616 2322.76463 CcO
2322.81410 2322.76463 2322.88085 CO
2322.98728 2322.88085 2323.04357 CO
2323.09617 2323.04357 2323.22955 CO
2323.30371 2323.22955 2323.33805 CO
2323.40569 2323.33805 2323.56281 CO
2323.65076 2323.56281 2323.69457 CO
2323.76951 2323.69457 2323.88060 CO
2324.04722 2323.93486 2324.08990 CO
2324.16671 2324.08990 2324.22170 CO
2324.58376 2324.42328 2324.81098 CO
2324.95919 2324.81098 2325.02812 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2325.10162 2325.02812 2325.18324 CO
2325.47616 2325.43144 2325.54004 CO
2325.63198 2325.54004 2325.89690 CO
2326.05305 2325.95121 2326.11414 CO
2326.18905 2326.11414 2326.39349 CO
2326.65583 2326.57197 2326.71943 CO
2326.80133 2326.71943 2326.98332 CO
2327.29779 2327.13080 2327.37922 CO
2327.45066 2327.37922 2327.57331 CO
2327.84540 2327.73636 2327.93824 CO
2328.00598 2327.93824 2328.02366 CO
2328.13966 2328.02366 2328.24110 CO
2328.87315 2328.67605 2329.08000 CO
2329.54772 2329.42963 2329.59281 CO
2329.64022 2329.59281 2329.74046 CO
2330.45368 2330.19900 2330.52548 CO
2331.30612 2331.13969 2331.41186 CO
2332.20559 2332.07298 2332.36860 CO
2333.13376 2332.98329 2333.24790 CO
2334.12302 2334.04967 2334.28325 CcO
2335.13782 2335.06980 2335.23337 CO
2336.19733 2336.14492 2336.29299 CO
2336.77141 2336.70605 2336.84636 CO
2337.29771 2337.18936 2337.40766 CcO
2337.91202 2337.75074 2338.02368 Na 1l
2338.43997 2338.36685 2338.53066 CO
2338.69106 2338.61647 2338.76468 CO
2339.62590 2339.51373 2339.69322 CO
2340.62979 2340.55967 2340.68459 CO
2340.84985 2340.76267 2340.94226 CO
2342.11603 2342.04352 2342.19977 CO
2342.62560 2342.55918 2342.71547 CO
2343.42525 2343.30944 2343.53613 CO
2343.81103 2343.70029 2343.98175 CO
2344.14608 2344.11467 2344.22414 Til
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2344.77894 2344.66207 2344.93582 CcO
2346.16360 2346.08592 2346.21896 CO
2347.59683 2347.40100 2347.72206 CO
2349.06854 2348.93620 2349.14776 CO
2349.76900 2349.70418 2349.87662 CO
2350.58607 2350.44105 2350.71547 CO
2351.00802 2350.91935 2351.14677 CO
2351.37032 2351.14677 2351.49187 CO
2351.83673 2351.75073 2351.91547 CO
2352.05216 2352.00177 2352.07238 CO
2352.13305 2352.07238 2352.20576 CO
2352.40817 2352.37053 2352.45685 CO
2352.51371 2352.45685 2352.59810 CO
2352.77792 2352.74720 2352.87277 CO
2352.94964 2352.87277 2352.99835 CO
2353.08495 2352.99835 2353.13963 CO
2353.28575 2353.25737 2353.32017 CO
2353.43184 2353.39867 2353.50857 CO
2353.74504 2353.68129 2353.79121 CO
2353.82941 2353.79121 2353.90113 CcO
2354.07805 2354.00321 2354.16811 CO
2354.26627 2354.16811 2354.33302 CO
2354.73596 2354.60790 2354.88281 CO
2355.05503 2355.02420 2355.12632 CcO
2355.25820 2355.12632 2355.32273 CO
2355.38468 2355.32273 2355.43272 CO
2355.47247 2355.43272 2355.53487 CO
2355.61319 2355.53487 2355.66058 CO
2355.82300 2355.77845 2355.91204 CO
2356.24101 2356.16353 2356.35216 CO
2356.42594 2356.35216 2356.61155 CO
2356.85904 2356.82380 2356.91814 CO
2357.06907 2357.02035 2357.15401 CO
2357.55209 2357.49212 2357.57863 CO
2357.76655 2357.67300 2357.85389 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2358.28903 2358.23143 2358.32583 CcO
2358.49317 2358.44383 2358.63264 CO
2358.78827 2358.73492 2358.86868 CO
2359.06326 2358.96310 2359.16770 CO
2359.26107 2359.16770 2359.38805 CO
2359.87945 2359.77372 2359.96264 CO
2360.08530 2359.96264 2360.15944 CO
2360.56213 2360.42713 2360.70272 CO
2360.74922 2360.70272 2360.82871 CO
2360.93385 2360.82871 2360.99409 CO
2361.66646 2361.61633 2361.69511 CO
2362.04332 2361.94721 2362.14418 CO
2362.37311 2362.27025 2362.39633 CO
2362.63280 2362.57758 2362.65639 CO
2362.76942 2362.65639 2362.88495 CO
2363.75562 2363.59441 2363.89403 CO
2364.02382 2363.89403 2364.06751 CO
2364.22495 2364.17791 2364.29620 CO
2364.78177 2364.71422 2364.84043 CO
2364.89274 2364.84043 2365.12442 CO
2365.84988 2365.74775 2365.99240 CO
2366.11013 2365.99240 2366.21338 CO
2366.97393 2366.86858 2367.05017 CO
2367.35507 2367.27916 2367.48447 CcO
2368.11235 2367.95835 2368.25061 CO
2369.30050 2369.13554 2369.40424 CO
2369.86796 2369.79154 2369.92593 CO
2370.02621 2369.99708 2370.13938 CO
2370.54286 2370.44773 2370.69286 CO
2371.82368 2371.72900 2371.89515 CO
2372.06714 2372.01383 2372.12460 CO
2372.41878 2372.29868 2372.48860 CO
2373.14278 2373.05055 2373.24053 CO
2374.50782 2374.38075 2374.64213 CO
2375.02391 2374.91145 2375.12535 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2375.90587 2375.78302 2375.99700 CcO
2377.36960 2377.28920 2377.51124 CO
2377.65518 2377.51124 2377.79676 CO
2378.40986 2378.32823 2378.45516 CO
2378.85358 2378.78047 2378.94710 CO
2379.38798 2379.35184 2379.45502 CO
2380.35940 2380.25679 2380.54263 CO
2380.59363 2380.54263 2380.66175 CO
2382.32325 2382.19486 2382.48889 CO
2382.52615 2382.48889 2382.56836 CO
2382.59830 2382.56836 2382.63989 CO
2382.69762 2382.63989 2382.75910 CO
2382.91127 2382.75910 2382.95781 CO
2383.07477 2382.95781 2383.22808 CO
2383.28243 2383.22808 2383.32348 CO
2383.44937 2383.41888 2383.51429 CO
2383.58684 2383.51429 2383.69716 CO
2383.78757 2383.69716 2383.86414 CO
2384.17203 2384.11065 2384.26175 CO
2384.37694 2384.26175 2384.44468 CcO
2384.61693 2384.55604 2384.72308 CO
2385.09209 2384.97764 2385.14471 CO
2385.24994 2385.22427 2385.30383 CO
2385.34479 2385.30383 2385.48684 CcO
2385.58651 2385.48684 2385.68577 CO
2385.84867 2385.68577 2385.92452 CO
2386.15361 2386.05982 2386.27472 CO
2386.74278 2386.64090 2386.80809 CO
2386.94464 2386.80809 2387.03898 CO
2387.10722 2387.03898 2387.29379 CO
2387.43813 2387.29379 2387.50084 CO
2388.07360 2387.88314 2388.13007 CO
2388.65813 2388.47263 2388.75149 CO
2388.79377 2388.75149 2388.83914 CO
2389.58033 2389.51654 2389.69987 CcO
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M.Sc. Thesis — N. Gromek; McMaster University — Physics and Astronomy

Peak Wavelength (nm) Base Wavelength (nm) Top Wavelength (nm) Element
2389.81752 2389.69987 2389.90713 CcO
2390.12230 2390.04266 2390.23400 CO
2390.38558 2390.28981 2390.43334 CO
2390.49547 2390.43334 2390.54497 CO
2390.97008 2390.88788 2391.01548 CO
2391.24377 2391.19095 2391.31060 CO
2391.52109 2391.40632 2391.59777 CO
2391.88423 2391.82115 2391.96476 CO
2392.13755 2392.06849 2392.19616 CO
2392.24113 2392.19616 2392.29191 CO
2392.35548 2392.29191 2392.49940 CO
2393.09054 2393.01819 2393.14591 CO
2394.09060 2393.99222 2394.15194 CO
2394.21753 2394.15194 2394.31965 CO
2394.43223 2394.36757 2394.51133 CO
2394.69965 2394.63115 2394.83084 CO
2394.89503 2394.83084 2394.95067 CO
2395.11023 2395.03855 2395.25426 CO
2396.01826 2395.90951 2396.09333 CO
2396.17830 2396.09333 2396.26917 CcO
2397.20613 2397.12458 2397.25252 CO
2397.38166 2397.25252 2397.46044 CO
2398.10738 2398.01230 2398.17228 CO
2398.48265 2398.37228 2398.62029 CcO
2399.65809 2399.54858 2399.70867 CO
2399.75986 2399.70867 2399.83674 CO
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