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Abstract

On the Abundance Variations of Europium in the Solar Neighborhood
by
Brady D. Lobmeyer

Furopium is a useful proxy in identifying r-process elements such as Thorium and Ura-
nium that act as long-term sources of generated heat in the mantle of terrestrial planets
due to their radioactivity and long half-lives. Comparing these abundances to a proxy
for the bulk-silicate mantle, such as Magnesium, allows us to describe the geothermal
evolution of terrestrial planets. We use stellar data from two independent teams, the
first being Delgado-Mena et al. which has 566, out of a total of 1059 stars, having mea-
sured Europium values, and the second team being Battistini and Bensby, which has a
total of 378 stars, each with measured Europium values. Between these two datasets,
there exist only 68 shared stars. With these datasets, we perform an analysis that
aims to identify significant star-to-star variation in Europium. Our analysis involves
the decorrelation of [Eu/H] values via a metallicity parameter in the form of either
[Fe/H] or [Mg/H], as well as Teff while comparing the [Eu/H] vs. Age trend before the
decorrelation to the same trend after the decorrelation. For the Delgado-Mena dataset,
we perform our analysis twice; first, the individual analysis of the thin disk stars and
second, the analysis of the total population according to the galactic populations: thin
disk, thick disk, high, and hamr. The important takeaways from this study are noted as
such: the peak-to-peak [Eu/H] values are subject to inflation due to the correlation seen
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with both metallicity and Teff parameters. Metallicity parameters impact this inflation
greater than the Teff parameter. Teff trends from the separate datasets are of similar
magnitude but of different signs, which is indicative of a different problem outside the
scope of the purpose of this study. Our analysis of [Eu/H]| values after compensating
for trends in both Teff and a metallicity term results in a tight dispersion (standard
deviation) with these values for the Delgado-Mena data ranging from 0.064 to 0.087
dex. Each of these values is smaller than the quoted average error of 0.1 dex for the raw
[Eu/H] values. As for the Battistini & Bensby data, we see the values 0.088 and 0.092
dex, both of which are more consistent with the quoted error of 0.08 dex. Comparing
these results to the quadratic sum of the average errors from both datasets with a value
of 0.13 dex, tells us that Delgado-Mena is overestimating their errors, whereas, for Bat-
tistini & Bensby, the results are inconclusive in determining whether they are over or
underestimating. We find evidence for true outliers in the data, with as many as ten
stars that exceed 3¢ difference for the [Fe/H| & Teff detrended Delgado-Mena data with
an average residual [Eu/H] value of 0.17 dex, where we would expect about two outliers
for the size of our dataset. Similarly, we find five stars that exceed the same 3o differ-
ence for the [Mg/H] & Teff detrended B&B data with an average residual [Eu/H] value
of 0.29 dex. For both datasets, the percentage of stars that exceed the 3o difference is
about 1.5% of the [Eu/H] positive sample size. Averaging the standard deviations from
the total population models, we find a [Eu/H] variation value of 0.085 dex which gives
us a peak-to-peak range of +0.26. What we find is little evidence of significant intrinsic

star-to-star variation of [Eu/H]J; with peak-to-peak ranges significantly decreased by our

vil



analysis. The motivating literature suggests a range of £0.5 dex, we find a range of
+0.26 dex, and with relatively few extreme outliers, we are led to believe that the true

variation of [Eu/H] is less than the literature suggests.
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Chapter 1

Introduction

1.1 Background

Some important aspects of studying stars and rocky planets alike are the ele-
mental abundances of the star-planet system, as well as the age and effective tempera-
ture of the star itself. Each of these aspects is important in understanding the Earth’s
evolution and finding Earth-like exoplanets. We must first clarify what constitutes an
Earth-like planet, and then we can describe the difficulty and importance of searching
for other Earth-like planets. An Earth-like planet, by many accounts, is a terrestrial
planet that could, given the right conditions, be a home to life. However, as described
thoroughly in Rare Earth by Ward and Brownlee [33], the "right” conditions are not
trivially defined. It is a list of codependent factors that happen so infrequently that
even after a few decades since the first exoplanet was discovered, we are still defining

new things that clarify what it is to be truly ” Earth-like.”



One of the basic ingredients for life as we know it is water in its liquid form,
which would require the planet to have a heat source that keeps the surface temperature
above 0°C and below 100°C with a similar atmospheric pressure to Earth. Liquid
water is an important ingredient, but coupled with it are many more criteria that
each contribute to the development of life in different ways. The chances for each
of the requirements that would have had to happen at the right time/times in the
planetary development, get sequentially lower as more parameters are introduced into
the posit of 'what is truly ”Earth-like?”’[33] The difficulty of searching for an Earth-like
planet is rooted in this complex probability of an increasing amount of factors. An
example of this complex probability is the Drake Equation (Eqn. 1.1), in which there
are seven parameters that define the probability of finding intelligent life that is capable
of communication.

N:N*'fs‘fp‘nt%'fi'fc‘fl (1'1)

N* = stars in the milky way galaxy,

fs = fraction of sun-like stars,

fp = the fraction of those stars that have planets,

n. = planets in a star’s habitable zone,

fi = the fraction of planets that could support life that actually develops life
at some point,

fi = the fraction of habitable planets where life does arise,

fe = fraction of planets inhabited by intelligent beings,

fi = percentage of a lifetime of a planet that is marked by the presence of a
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communicative civilization

Another example is the "Rare Earth” equation (Eqn.1.2) as stated by Ward
and Brownlee, which is inspired by the Drake equation but is tabulated for our Galaxy.
Where N* is the number of stars in the Milky Way, f, is the fraction of stars with
planets, n. is the number of planets in a star’s habitable zone, f; is the fraction of
habitable planets where life does arise, f. is the fraction of planets with life where
complex metazoans arise, and f; is the percentage of a lifetime of a planet that is

marked by the presence of complex metazoans.

N:N*'fp'ne'fi‘fc'fl (1'2)

However, if we step back, and attempt to generalize the idea that life comes in many
forms, in many different habitats, and could be fundamentally different than anything
we have seen here on Earth, then perhaps the definition of an Earth-like planet is slightly
more trivial than we would inherently assume.

After considering the probabilistic nature of the likelihood of an Earth-like
planet, our first obstacle in our search is the technological challenges we face, which
include instrumentation capabilities and the effectiveness of analysis techniques. Our
instrumentation capabilities continue to get better; with each new telescope that is
built or launched into space, we can look at more of the sky at one time, as well
as in more detail than before. However, there are mechanical limits to technology,
such as telescope size, as well as the ability to build/maintain space telescopes. With

the prospect of adaptive optics, we can tackle a few problems that appear for large



traditional (ground-based) telescopes, such as the fact they require perfectly sculpted
glass lenses/mirrors of massive size, as well as the hindrance introduced by atmospheric
interference. Where adaptive optics allows for a large telescope to be composed of
smaller pieces and can account for atmospheric interference in such a way that reduces
the uncertainty in measurements. As for space telescopes, with the advent of the James
Webb Space Telescope (JWST), we have upgraded our capabilities in searching the
cosmos for another Earth, with the potential of directly imaging exoplanets [9]. When
it comes to analysis techniques, we continue to optimize them with time, as well as the
realization of new techniques with more modern technology. With each breakthrough,
either in technology or analysis, we gain a better understanding of the universe, and in
turn, we develop a better understanding of Earth and the planets that are much like it.

Earth-like planets are important to search for, so we can better understand the
prevalence of the conditions that we understand to be needed for the sustainability of
life. Big surveys looking for potential Earth-like planets only give bulk properties, i.e.,
mass, radius, etc. They look at planets in habitable zones, but it requires more detail to
determine if the planets have habitable environments. The majority of exoplanets found
in big surveys are Super-Earths/Mini-Neptunes [15], which highlights the difficulty in
identifying terrestrial planets that are a primary focus of searching for exoplanetary life.
We can only estimate how common terrestrial exoplanets are and, in a similar vein, how
common terrestrial moons of exoplanets are. What we do know is that more exoplanets
are being found, and our job is only beginning in understanding these objects.

What we can do in the search for habitable exoplanets is take the abundance



analysis of stars, which tells us the fractional composition of elements, and since planets
are composed of similar materials as their home stars [31], this then allows us to model
the interior composition of planets effectively. From this modeling, we can better under-
stand the terrestrial planets and how they would have evolved. This idea is where this
project takes inspiration from. In looking at our current understanding of radiogenic
element abundances, we wanted to understand better how these elements fit into the

search for Earth-like planets.

1.2 Motivation

Nimmo et al. (2020) [23] notes that the abundance of radiogenic elements is
a crucial factor in how Earth evolved. The reason for this is that terrestrial planets
like Earth are heat engines, and the heat they generate comes from three sources, the
first being gravitational energy released as the planet formed, which corresponds to a
value of around 40 MJ/kg for an Earth massed body [23]. The second is tidal heating
which produces 3.7 Terawatts(TW) due to the Earth, Moon, and Sun system, where
the Earth-Moon system is about 95% of the heat production [20]. Whereas the last is
the decay of radioactive elements, and for Earth, the estimated amount of energy from
formation to now is around 1 MJ/kg [23]. If we compare the two heat rates, it would
require a few ten-billion years for tidal heating to produce as much heat as has been
produced from radiogenic heating. The heat produced drives internal processes such as

magnetic dynamo generation, volcanism, and plate tectonics via the thermal processes



of conduction, convection, and advection [23]. Tidal heating and radiogenic heating are
long-term sources of the thermal evolution that has made Earth what it is today.
Tidal heating is a relatively simple process that involves two or more objects
orbiting their respective center-of-mass, which can cause tidal forces that produce heat
in a calculable manner, whereas radiogenic heating is much more involved as it requires
modeling various sources of radioactive decay simultaneously over a long time period. It
accounts for the majority of current heat production in Earth’s interior, more specifically
the mantle and crust, which could be critical for life. The reason for this criticality is
twofold; firstly, the long-lived radiogenic heating would keep the mantle hot enough for
convective currents of magma that cause tectonic plate movement, which is important
for geological evolution, which also assists magnetic dynamo generation that allows the
existence of Earth’s magnetic field. Secondly, as a byproduct of the long-term geological
evolution in the form of tectonic plates, which is theorized to help biodiversity, which
increases survivability, it happens to allow life to have the ability of trial and error [33].
As described in Rare Earth, life as we know it today required billions of years to develop;
with multiple extinction events that, were it not for the biodiversity introduced due to
the active tectonics reshaping the land and water habitats, life surely would have come
to a halt. A side-effect of tectonic plate movement is that it is a significant source of
heat loss, such that the heat lost is double that of the heat generated by the dynamo
[23]. This heat loss associated with tectonic plates can be beneficial to maintaining a
long-term dynamo, as too much heat can suppress the magnetic dynamo to the point

where it no longer acts as efficiently if at all [22, 21, 31, 24].



In order for radiogenic heating to occur, there needs to be a significant amount
of the radioactive isotopes of Potassium(%°K), Thorium(**?Th), and Uranium(*°U &
238U), as these three elements are the biggest contributors to long-term produced heat
due to their long half-lives. K is a volatile element that is produced in type II supernovae
[25] and s-process nucleosynthesis [29] with a half-life of 1.25%10? years. The volatility of
an element means that during planetary formation/accretion, it is susceptible to being
lost, which makes the abundance tracking more difficult [16]. In our own solar system,
there exists a large variation of K in between the terrestrial planets [18]. As for U and
Th, where U has a half-life as long as ~4.5 billion years, and the most common isotope
of Th has a half-life of 14 billion years, with other isotopes having significantly shorter
half-lives and, as a result being less prevalent. These elements are less likely to be lost
during the accretion stage, where it is expected that the surrounding terrestrial planets
will retain a similar ratio of these elements with their star [23, 31].

Two types of neutron capture processes are relevant when looking at elements
heavier than iron, the first being the aforementioned s-process (slow-process) and the
second being the rapid-process (r-process). Neutron capture is the process in which
elements are bombarded with neutrons, but the ‘slow’ and ‘rapid’ terminology comes
from the comparison to the $-decay rate. In the r-process, the neutron capture happens
before S-decay can occur, whereas, in the s-process, neutron capture happens so infre-
quently that it allows the element to stay within the § stability valley. The s-process
occurs in lower-mass AGB stars as well as during the Helium (He) burning stages of the

stellar evolution of high-mass stars. There are two origins for the s-process that produce



elements such as Barium (Ba), and Cerium (Ce) for heavy s-process and Strontium (Sr),
Yttrium (Y), and Zirconium (Zr) for light s-process [3, 12]. These can occur over long
periods of time, where the r-process happens in special cataclysmic events that occur
on much shorter timescales. The source of r-process elements has been a highly debated
subject for many years [6, 23, 30].

When it comes to Th and U, they are r-process elements that are most likely
created via the rare event of neutron star mergers [23]. These events produce large
amounts of r-process elements and are infrequent enough to cause the expectation of
considerable variation in the galactic abundances of these elements. When it comes to
measuring the abundances of Th and U, it is easier to use a proxy element due to these
elements being difficult to identify via spectral analysis due to blending and the decay
of 23°U [7, 26]. Europium(Eu) is our proxy as it is the most common proxy for the
radiogenic elements, as they are all r-process elements, and Europium is much clearer
when spectrally analyzed [7, 23, 26]. We show the spectral lines for Eu II, Th II, and
U in figure 1.1 detailing the reasoning behind using Eu as a proxy element due to Eu’s
prominent individual lines as well as highlighting the difficulty that arises when trying
to observe unique lines in the spectrum for the Th IT and U [14].

A figure (1.2) from Nimmo et al., 2020 [23] describes what the thermal evolu-
tion models predict as we change the fraction of radiogenic elements. We see that at
higher values of the initial fraction of radiogenic elements, we are at a greater risk of
not producing a dynamo for an increasing amount of time as the fraction rises. This is

exemplified by the top red line (labeled Fig 1c), which has 3 times Earth’s initial U and
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Figure 1.1: Spectral lines of Eu IT (blue), Th II (red), and U (black) in air. The three
plots detail that Eu is an ideal choice for spectral analysis due to the prominent intensity
and gaps between most of the lines, whereas Th and U do not contain these gaps for
many of their lines and, thus, are more difficult to isolate especially when other element
lines are present (i.e., in an unfiltered spectrograph).
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years (Myr). The three dashed red lines are the trajectories of different evolution models,
and the white dashed line corresponds to the present day. The black region corresponds
to a negative rate of entropy production, while the colors correspond to the color bar
on the right. The black lines represent the mantle’s potential temperature.
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Th abundance. We also note that at a lower initial fraction (0.3 times Earth’s on the
bottom red line labeled Fig 1a), we produce more entropy due to a ~2000 Million year
wide spike of higher entropy production, which results in less time spent producing very
little entropy (pink region). If we look at the middle red line (labeled Fig 1b), which
is the Earth analog, we note that it produces entropy at a modest rate that prevents
it from evolving into a “no dynamo” system, but it does result in higher core potential
temperature than the low fraction case.

When creating a thermal evolution model, heat production is important; how-
ever, terrestrial planets are composed of many things, not only radiogenic elements but
silicates as well, and a basic understanding of thermodynamics tells us that heat propa-
gates differently through different materials, which we must account for when modeling
thermal evolution by modeling the heat propagation. The parameter we use to model
the heat propagation is known as bulk silicate mantle, which is a generalized measure-
ment of the silicate abundance found in the mantle. The bulk silicate mantle can be
modeled using a proxy element, which is commonly chosen in thermal evolution models
as Magnesium(Mg) or Silicon(Si) [23]. We choose to look at Eu in relation to Iron(Fe)
and Mg.

We look at the Fe case for a couple of reasons, the first being to stay consistent
with the convention of the papers we chose data from. Our second reason is so we can
compare our findings in the Fe case to the Mg case. As for the Mg case, Mg is an alpha
element, and as such, it is neither volatile nor subject to the high variability seen in r-

process elements. Mg is simply chosen due to the observed stellar Mg/Si ratios showing
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only tens of percent variability, which is to say we could have chosen either element and
would expect similar results [8]. However, to model the bulk silicate mantle, we need
a better understanding of chemical evolution and the abundance trends of the stars,
which can vary depending on their galactic radius and age.

Tsujimoto [30] looks closely at the galactic radius as a key factor in the metal-
licity of stars, according to the hypothesis that chemical enrichment is greater with a
decreasing galactic radius. Tsujimoto’s work also aims to suggest that the r-process
elements are produced by two different sites, one being the case of neutron star mergers
and the other being short-lived massive stars with specific core-collapse supernovae [30].
Both of these factors are important for our analysis and understanding of our results.
Understanding that the r-process elements could come from two different sites helps us
understand the relationship between element abundance and age. However, we do not
take into account the stars’ measured galactic radii; we do note the galactic population
the stars lie in, i.e., the thin or thick disk, as well as the high alpha metal-rich (hamr),
and the halo populations for one of our datasets [1]. If further analysis of each of the
stars’ galactic radii is accounted for, we could potentially provide clearer conclusions
about the abundance properties. Tsujimoto’s study is limited by a small sample size
of 79 solar twins used by Bedell et al., 2018 [30, 4]. Using solar twins has its benefits,
with the idea that no systematic biases, such as differences in temperature, mass, com-
position, etc., are introduced. This is needed due to the analogous nature that the stars
have with our well-studied Sun, and the errors on most of the parameters of interest are

significantly smaller than those of stars not considered to be a solar twin [4]. Bedell et
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al. [4], however, finds that the Sun has an anomalous abundance trend when compared
to most of these twins. This is important to note, for if we are to pair this information
with Kepler’s statistics of exoplanetary systems, we can infer that a good categorization
of stellar abundances would help us narrow the search for Earth-like exoplanets, which
coincides with our overall goal as stated at the end of this section.

We look at the Delgado-Mena et al. data from their 2019 paper as well as
their 2017 paper which looked more closely at the raw abundances than the 2019 paper
[11, 12]. We chose their data because it has a high resolution (R ~ 115000) and high-
quality spectra from the HARPS-GTO program. Similar to what Griffith et al. did,
we compare this data to the Battistini and Bensby(B&B) data [13]. The reason we
compare the datasets is to increase our sample size, as well as to identify any significant
differences in their results after we have performed our own analysis of their data. Our
analysis looks at the various relationships seen when compared to the [Eu/H] abundance,
where we perform systematic detrending of effective temperature (Teff) and/or [Fe/H]
or [Mg/H]. The initial [Eu/H] abundance distribution seen in the Delgado-Mena (DM)
data can be seen in fig 1.3 and similarly for the Battistini and Bensby data in fig
1.4. Where we adopt the standard spectroscopic notation used in Afsar et al. [2]
that originates from Wallerstein and Helfer [32], that for elements A and B, [A/B] =
log10(Na/Np)« — log1o(INa/Np)e. Using the definition log €(A) = logio(Na/Ngy) +
12.0, and equate our metallicity terms with the stellar value. The causes of the breadth
in the distributions of the data could be attributed to either metallicity source Fe or

Mg, effective temperature, stellar age, systematic biases, star-to-star scatter at a fixed
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Figure 1.3: Histogram of the raw Delgado-Mena [Eu/H] abundance values for the total
population of stars. The red line depicts a Gaussian best-fit line to the data with the
corresponding standard deviation denoted as sigma. The typical error for these [Eu/H]
values is ~0.1 dex

metallicity, as well as perhaps many other factors that are beyond our focus.

The short-term objective of this paper is to quantify the star-to-star differ-
ences in [Eu/H] abundances before and after detrending against Fe, Mg, and effective
temperature. This objective is a step in the direction of our overall goal to under-
stand better the diversity of terrestrial exoplanets, which will assist in the search for life
and /or habitable exoplanets that are nearby, including those in the Kepler demographic

sample.
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Figure 1.4: Histogram distribution of the B&B Raw [Eu/H] values. The red line is a

Gaussian best-fit line with a corresponding standard deviation denoted by sigma. The
quoted error for [Eu/H] in this dataset is 0.08
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Chapter 2

Methods

2.1 Data

We re-analyze the Delgado-Mena data due to the large dispersion of Eu abun-
dances included in the Hypatia catalog as noted by Nimmo et al. [23], as well as, to
better understand the characteristics of the Europium abundance ([Eu/H]) as a function
of age. Age holds importance here due to the chemical evolution of Eu, and we want
to know if it tracks with Fe and/or Mg hence why we detrend the relationships by Fe
or Mg. We perform the analysis of the Delgado-Mena data by visualizing the data in
histograms and scatter plots. The scatter plots are of the [Eu/H] abundances against
another abundance term ([Fe/H] or [Mg/H]), effective temperature (Teff), and finally,
age. We perform a nearly identical analysis of the Battistini and Bensby data, where
the only difference lies in the availability of what population the stars inhabit. For the

Delgado-Mena data, this information is available, allowing us to categorize the stars into
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each of the populations; this is not inherently the case for the Battistini and Bensby
data. With the population information available, we chose to look at how the total
population acted according to our analysis as well as how the thin population acted to
the analysis.

We statistically analyze the plots to develop models that allow us to detrend
the [Eu/H] abundance in one or two dimensions in order to determine if age by itself is
an effective tool to determine the relative abundance of the stars. Detrending against
one of our abundance terms or Teff individually is our one-dimensional detrend, and
this allows us to test the individual effects on the abundance trend against the opposite
term; for example, if we detrend Teff, we then compare [Eu/H] to [Fe/H] or [Mg/H| and
vice-versa. Whereas the two-dimensional detrending model is the combination of both
the Teff and one of the abundance parameters being eliminated from the abundance vs.
age relationship. This allows us to view the combined effects on the abundance vs age
relationship.

After we display the [Eu/H] trends on their scatter plots, we look at the dis-
tribution of the [Eu/H] values before our detrending and the [Eu/H] residuals which
are the resulting values from the detrending analysis. We perform a Gaussian best-
fit approximation to understand the standard deviation of the distribution. Alongside
the Gaussian best fit, we perform a KS test that tells us the statistical significance
of the histograms, as well as whether they are normally distributed or not. For the
Delgado-Mena data, we show the [FEu/H] abundance for both the total and thin pop-

ulations, corresponding to both versions of the 2D detrending, which are denoted by
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either [Fe/H] or [Mg/H].

We also look at the relationship our detrended [Eu/H] values have with the
quoted error. We look at the Fe detrending for the Delgado-Mena dataset to convey
this relationship for the reason that Fe is a common property for which bulk surveys
search [27]. As for the B&B dataset, we look at the Mg detrending, where we expect
similar but slightly different results to those seen in comparison to the detrending of
Fe from [Eu/H]. We do this by taking the residual [Eu/H] and dividing it by the errors
associated with that measurement, where we then compare it back to the same residual
[Eu/H] values. This allows us to look at how effective the quoted errors are and could
help determine if the quoted errors are either over-estimated or under-estimated. We
do this for both datasets; however, for the Battistini and Bensby datasets, there exists
a single quoted error rather than associated errors for each measurement seen for the

Delgado-Mena dataset.

2.2 Equations

Initially, the abundances from Delgado-Mena were in a different format, in
which we used equations 2.1 and 2.2 to convert them to a more understandable format

and equations 2.3 and 2.4 are for the error propagation.

[Eu/H] = [Fe/H] + [Eu/Fe| (2.1)
[Mg/H] = [Fe/H) + [Mg/Fe] (2.2)
[Bu/H]gr = \/[Fe/H]%, + [Eu/Fel}, (2.3)
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[Mg/H)p, = \/|Fe/H)%, + [Mg/Fel%, (2.4)

The idea for this format is for it to be more comparable to the metallicity
parameter [Fe/H]. After converting to this new format, we wanted to look at the distri-
butions and test whether they follow a linear trend or not. To do this, we use a Pearson
test that gives a correlation coefficient and a two-tailed p-value. We cross reference the
p-value by converting the correlation coefficient into a T-score via equation 2.5, then
we convert the T-score into a p-value using a conversion calculator. We find that these

two p-values are the same for each relationship.

n—2

T —
" 1—1r2

(2.5)

Our hypothesis is that there is a linear trend between the parameters we are
interested in, more specifically, the [Eu/H] abundance and age. Our chosen significance
level is that of 30, which can also be stated via the “alpha level” (o = 0.001) where a
p-value less than « signifies that our hypothesis is reasonably believable. If the p-value
is greater than «, we cannot accept that our hypothesis is correct and would expect a
different relationship may be present or that our analysis removed a factor that made the
relationship significant. In the case of our p-value being greater than alpha, a remedy
to this problem might require more data to come to a more definitive conclusion.

In the next section, we show the results of analyzing the data via graphs that
show the relationship [Eu/H] has with the other parameters before and after detrending.
The detrending process uses simple equations utilizing values acquired from the data
analysis. For our 1D detrending, we use equations 2.6 and 2.7 separately to test the
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effects they have on the [Eu/H] vs age relationship. Equation 2.8 is what we use to

detrend in two dimensions.

[Bu/H]Resia = [Bu/H] — (yint +m - ([Fe/Hlor[Mg/H])) (2.6)
[Eu/H|Resia = [Eu/H] = (Yint +m - Tesy) (2.7)
[Ew/H]pesia = [Bu/H] = (Yint +ma - ([Fe/Hlor[Mg/H]) +ma - T.sy) (2.8)

The y-intercept and slope (m) parameters are acquired from the initial rela-
tionships of [Eu/H] against their respective parameters (i.e., metallicity or Teff). For
equation 8, we used a two-dimensional line model to fit the data, and we used the re-
sulting slopes and intercept, where the slope corresponds to the parameter value we
are multiplying by. For example, if ‘m’ is being multiplied by Teff, it then corresponds
to the slope seen in the [Eu/H] vs Teff relationship. We choose to call the detrended
[Eu/H] values the ‘Residual’ values, as it represents the relationship that survives the
detrending process.

The data has a rich concentration of thin disk stars, so we decided to model the
thin disk individually, separate from the other star populations. The other populations,
as stated before, are the thick disk, high alpha metal-rich, which are based on their
[a/Fe] separation (« is the average of Silicon, Magnesium, and Titanium) over different
metallicity bins, and halo populations which are defined based on their kinematics [11,
12, 1]. The total model is a combination of all the populations, in which we choose not

to display the thin disk stars when describing the total model trend. The reason we

20



include the thin population in the total model is that it has more values than the other
three populations combined, whereas if we were to model the other three populations
by themselves, they would not be significant due to the amount of data available. The
reason the thin disk stars are not present in the total model graphs is that we wanted
to be able to show the effect that the other populations have on the thin model trend
without sacrificing the clarity of the plots. If the thin disk stars are present in the total
model distributions, it is more difficult to visually identify the other populations and
their effects on the trends.

We rearrange equation 2.8 to a form seen in equation 2.9. Doing this allows
us to understand our results in the context of Fig 1.2, where we now have the ratio of
our radiogenic element proxy to the silicates proxy. The m; is the slope corresponding
to the [Mg/H] slopes in Table A.2, which are the same values used in the detrending
equations. The star-to-star scatter portion of this formula is the [Eu/H],.s term in

which we choose to use the resulting standard deviations of our analysis as the value.

[Eu/Mg] = (m1 —1) - [Mg/H] + [Eu/H]yes (2.9)

When we plot the histograms of the various [Eu/H] relationships, we check if
the variance of our data is distributed normally. We do this via a Gaussian of the form
seen in equation 2.10. The standard deviation is found by taking the square root of the

variance of the [Eu/H] data and is the value denoted as sigma in the histogram plots.

2

Gauss = A - e (2.10)
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Chapter 3

Results

3.1 Delgado-Mena

The results of our analysis of the Delgado-Mena dataset are depicted in the
graphs below. In total, we find a set of 566 stars that are Eu positive (Eu positive:
Eu was detected spectroscopically) in the Delgado-Mena data; this is further split into
different sub-sets that contain the following values: Thin=453, Thick=71, Hamr=40,
Halo=2. For Figures 3.1 to 3.8, the left plots are of the thin distribution, and the right
plot is that of the total distribution, with the thin stars excluded visually. The lines
have their parameters listed in their corresponding boxes and colors, as noted in the
figure descriptions.

First impressions from Fig 3.1 imply an important relationship between [Eu/H]
and age. The trend we see implies that the older stars viewed in the HARPS project

data have less [Eu/H] compared to the younger stars. Another aspect we see is the
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Figure 3.1: [Eu/H] as a function of stellar ages with a [Fe/H] distribution bar. (left)
Thin distribution with the linear fit in red, with its corresponding parameters in red.
(right) Thick, hamr, and halo stars are shown as denoted by the legend, with the
linear fit line to all of the data, including the thin sample, as well as its corresponding
parameters in blue. The P-values for both plots are less than «; this tells us they are
acceptable models.

minimal difference between the trends of the thin population and the total population,
which likely is because of the weight the thin population has on the trend line due to
the amount of data available. If we were to model any of the other populations by
themselves, we would expect to see large differences in the trend line, which again is
due to the limited dataset. These aspects are important in moving forward, as they
can shape our understanding of future plots. Continuing forward, we want to look at
the relationship [Eu/H] has according to Teff and [Fe/H], to detrend according to each
individually, and then both to test if it has any apparent effects on this relationship
between [Eu/H] and Age.

In Fig 3.2, we show how the [Eu/H] trends against [Fe/H] before we detrend,
implying a positive correlation between the two parameters. An important result from

this relationship is that the slope is less than one, which tells us that Eu tracks closely
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Figure 3.2: [Eu/H] as a function of [Fe/H] with a Teff distribution bar. (left) Thin
distribution with linear fit and parameters in red. (right) Thick, hamr, halo distribution
where the symbols are shared from 3.1. The P-values for both plots are less than «;
this tells us they are acceptable models.

with Fe, which is beneficial in our understanding of galactochemical evolution. From
this figure, we infer that the sources producing Fe do so in greater amounts as the
metallicity increases compared to the sources producing Eu. Since this is a prominent
relationship for [Eu/H], we want to test how it affects other relationships, starting with
the relationship [Eu/H] has with Teff.

Eliminating the [Fe/H] trend seen in fig 3.2 lets us convey the results in such a
way that allows us to better isolate the relationship that [Eu/H| has with Teff as shown in
fig 3.3. The residual trend for [Eu/H] against Teff implies a negative correlation, which is
to say that the hotter the star, the lower the [Eu/H] ratio is expected. This relationship
is peculiar, as it does not make much sense, Eu is an r-process element that is not
created in the lifetime of a star, except for maybe the end [30]. Although interesting,
we discuss this result in section 4. Moving forward, we choose not to show the Teff

detrended plots due to the minimal change seen between the original and detrended
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Figure 3.3: [Fe/H] Detrended [Eu/H] as a function of Teff with a [Fe/H] distribution
bar. (left) Thin distribution with linear fit and parameters in red. (right) Thick, hamr,
halo distribution where the symbols are shared from fig 3.1 The P-values for both plots
are less than «; this tells us they are acceptable models.

graphs, which tells us that temperature has very little influence on the metallicity of
a star, which can be inferred from the seemingly random distribution of stars when
comparing it to the [Fe/H] color bar.

In figure 3.4, we eliminate the [Fe/H] and Teff trends, where we again look at
the relationship that our (now residual) [Eu/H] abundances have with age. Comparing
back to fig 3.1 for the total population, we see a sign change from a negative to a
positive trend in the slope. As for the thin population, we find that it still has a
negative correlation; only its magnitude has decreased by nearly a full factor of ten.
However, we cannot look too closely at this due to the fact that these trend lines are
not significant. This tells us that one/or both of our detrending parameters had an
effect on the [Eu/H] vs. Age relationship.

When looking at individual detrending processes not shown here, we find that

the Teff detrend caused a minimal change in the slope of the [Eu/H] vs. Age relationship,
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Figure 3.4: Teff and [Fe/H] Detrended [Eu/H] as a function of stellar Age with a [Fe/H]
distribution bar. (left) Thin distribution with a linear fit and parameters in red. (right)

Thick, hamr, halo distribution where the symbols are shared from fig 3.1. The P-values
for both plots are greater than «, which means we cannot accept these models initially.

causing it to be slightly more negative, where detrending against [Fe/H] made the
relationship positive. Perhaps the combination of the two parameters we detrend by is
the source of the discrepancy in the slopes of the different population models. For these
models, we note that the P-values are not within our accepted range; we believe the
reason this is the case is due to the similar evolutionary timescales seen in Eu and Fe.
It is for this reason that eliminating the Fe trend for this specific relationship causes
the models not to meet our statistical significance standards.

It is important to describe the [Eu/H] abundance and its correlation to age
when accounting for the [Mg/H] abundance as well. Doing this allows us to understand
if the relationship we see between [Eu/H] and age relies on [Mg/H] as we saw in fig 3.4
when we looked at Fe’s and Teff’s relationship to this trend. It is also important for
another reason, which is the fact that we are hoping to categorize the Eu abundance

in such a way that allows us to better understand the terrestrial planets surrounding
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Figure 3.5: [Eu/H] as a function of stellar Age with a [Mg/H] distribution bar. (left)
Thin distribution with a linear fit and parameters in red. (right) Thick, hamr, halo
distribution where the symbols are shared from fig 3.1 The P-values for both plots are
less than «; this tells us they are acceptable models.

stars. In order to do that, we need to model the bulk-silicate mantle of these planets,
which we do with the Mg abundance. This marks the beginning of our Mg analysis for
the Delgado-Mena dataset, in which we show plots similar to those seen in figures 3.1,
3.2, 3.3, 3.4, where instead of looking at [Fe/H] we look at [Mg/H] and its effects on
[Eu/H]’s relationships.

In figure 3.5, we see the same physical distribution seen in Fig 3.1; however, as
noted before, the color-bar is different as it depicts the [Mg/H] distribution rather than
the [Fe/H] distribution. This plot does show that the [Mg/H] acts similarly to [Fe/H],
which we show in more detail in fig 3.6.

For fig 3.6, we see similar results seen in fig 3.2, where Eu tracks closely with Mg
at around the same rate it tracks with Fe. Since Fe and Mg act similarly when compared
directly to Eu, it allows us to compare the differences seen between the respective

detrended data. We would expect similar results to the Fe case in our detrending

27



=== Thin model
== Total model
7000 ® thin
| thick
4  hamr
+ halo

0.4

0.2

0.0

—0.2 1

[Eu/H] (dex)

—0.4 1

—0.6 1
Slope: 7.51e-01+2.36e-02 Slope: 7.67e-01+1.97e-02

_0.8 y-int: 2.76e-02+4.83e-03 1 y-int: 2.12e-02+4.50e-03 4500

1.0 05 0.0 05 1.0 05 0.0 05
[Mg/H] (dex) [Mg/H] (dex)

Figure 3.6: [Eu/H] as a function of [Mg/H] with a Teff distribution bar. (left) Thin
distribution with linear fit and parameters in red. (right) Thick, hamr, halo distribution

where the symbols are shared from fig 3.1 The P-values for both plots are less than «;
this tells us they are acceptable models.

process, this is not the case, however, and we do see some significant differences in the
figures 3.7 and 3.8 when we compare back to figures 3.3 and 3.4 respectively.

For fig 3.7, we see a negative correlation for the residual [Eu/H] vs Teff; how-
ever, when we compare to fig 3.3 we see that the slope is greater in magnitude when
detrending against [Mg/H] vs a smaller magnitude when detrending against [Fe/H].
Much like fig 3.3, we find this relationship to be peculiar for the same reasons and
will probe further in a later section. We move forward to compare the effects the two-
dimensional detrending has on the [Eu/H]-age relationship while accepting the models
we detrend with due to their statistical significance being in our accepted range, where
we result in fig 3.8.

For figure 3.8, we see a persistent negative correlation seen in our raw trends;
however, it has increased by nearly a full order of magnitude. When we compare this

to the results shown in 3.4, we see that the Fe detrending had a more significant effect
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Figure 3.7: [Mg/H] Detrended [Eu/H] as a function of Teff with a [Mg/H] distribution
bar. (left) Thin distribution with linear fit and parameters in red. (right) Thick, hamr,
halo distribution where the symbols are shared from fig 3.1. The P-values for both plots
are less than «; this tells us they are acceptable models.
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Figure 3.8: Teff and [Mg/H] Detrended [Eu/H] as a function of stellar Age with a
[Mg/H] distribution bar. (left) Thin distribution with linear fit and parameters in red.
(right) Thick, hamr, halo distribution where the symbols are shared from fig 3.1 where
we see a significant change in the slope from figure 3.5. The P-values for both plots are
less than «; this tells us they are acceptable models.
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on the age trend than the Mg detrending did. This is interesting, considering the idea
that Eu tracks age similarly to Fe, whereas Mg does not track age as well, telling us
that when comparing Eu to Fe, age can be disregarded, but when comparing Eu to
Mg, age is a factor that should be included. To have the differences we see means that
there is an underlying correlation between some of the parameters that we have not
fully accounted for.

Considering that the P values from figure 3.4 are not in our accepted range and
that the P values from figure 3.8 are in our accepted range, where the only difference
between the two is by what element we detrended by, we can begin to postulate what
correlations may be behind this observation. From our analysis, we believe that it would
be a safe assumption to rule out Teff as the cause of this difference in our statistical
acceptance due to figures 3.4 and 3.8 both being detrended by Teff and since it has
very minimal effect on the slope of the [Eu/H| vs. Age graphs. In order to develop
our understanding of the differences, we take the opportunity to directly compare the
[Eu/H] distributions both before and after detrending.

We showed figure 1.3, which looks at the initial distribution of [Eu/H] abun-
dances for the Delgado-Mena data in the introduction. This distribution gives us a
baseline to compare to when looking at the detrended versions of the distribution.
Testing the distribution of the residuals from figures 3.4 and 3.8 in figures 3.9 and 3.10,
we first note each of the distributions looks asymmetrical and then is determined to be
non-normal according to the results of a KS-test. We can also observe the differences in

the overall dispersion from before and after our analysis process, which results in much
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smaller ranges in which the [Eu/H] values inhabit. This tells us that [Eu/H] is suscepti-
ble to being over/underestimated due to the relationships held with other parameters.
This aspect leads us to a similar comparison between the quoted errors for the [Eu/H]
values and the standard deviation of the resulting dispersions.

We find that the mean of the [Eu/H] errors acquired from the Delgado-Mena
sample is ~0.1 dex, which is important to note when comparing to our standard de-
viation of the residuals from our analysis. For our 2D detrended distributions, we see
values slightly less than the quoted average error (Fe Tot: 0.074, Mg Tot: 0.087, Fe
Thin: 0.064, Mg Thin: 0.084). Comparing the standard deviation (sigma) values to the
errors allows us to determine if any of our outliers are real, which is to say that they
exist in the data not due to analysis techniques but because of their own properties,
i.e., intrinsic variation. The way we determine this is if our sigma value is greater than
the average error in [Eu/H]|, we suspect that there are real outliers in the data.

The Fe detrending results in smaller sigma values than the Mg detrending.
This suggests that the Fe abundance, with an average error of about 0.02 (dex), affects
the [Eu/H] distribution more than the Mg abundance, which has an average error of 0.05
(dex). Where the Mg parameter consistently has greater errors than the Fe parameter,
it is reasonable to assume that its resulting sigma values would be larger than Fe’s
sigma values. There is a small difference in the sigma values seen between the different
populations, where the thin population distribution has a smaller value than the total
population distribution. The likely cause of this is that the other populations have fewer

data available in this dataset and are subject to more deviation as a result. This tells
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Figure 3.9: Histogram of the residual [Eu/H] in the total population after the 2D
detrending according to [Fe/H] & Teff. The red line depicts a Gaussian best-fit line to
the data.

us that we can better study the thin disk stars due to their prevalence in the data.
The results of our histogram distributions led us to inspect the observation
errors of the abundances and compare them to the residual values. We show this in
figure 3.13, where we look specifically at the Fe detrended [Eu/H] residuals, and we
compare directly to the errors associated with each measurement. This effectively works
as a ‘o’ plot, where the y-axis is the o level, which allows us to count the number of
values in each region, telling us if any of the values are real outliers much like what
comparing the standard deviations of the distribution to the average errors tells us.
What this figure (3.13) shows is that there are 10 stars in the Delgado-Mena data that
are very likely to be real outliers, as they exist above the 3o range, which for a dataset

this size is extremely unlikely as we would expect only 2 in this range.
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Figure 3.10: Histogram of the residual [Eu/H] in the total population after the 2D
detrending according to [Mg/H] & Teff. The red line depicts a Gaussian best-fit line to

the data.
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Figure 3.11: Histogram of the residual [Eu/H] in the thin population after the 2D
detrending according to [Fe/H] & Teff. The red line depicts a Gaussian best-fit line to

the data.
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Figure 3.12: Histogram of the residual [Eu/H] in the thin population after the 2D
detrending according to [Mg/H] & Teff. The red line depicts a Gaussian best-fit line to
the data.
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Figure 3.13: [Eu/H] residual values from the detrending process divided by the error

compared to the error we divided by. This is for the Iron-based 2D detrending of the
Delgado-Mena data.
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What the analysis of the Delgado-Mena shows us is that Eu production works
on similar timescales to both Fe and Mg, although they are created via different events.
With this in mind, we do see that Fe tracks with age stronger than Mg does, which can
be seen via the significant residual trend with respect to Age that the [Mg/H] detrending
has compared to no significant residual trend from the [Fe/H] detrending. Another thing
we found interesting, while peculiar, is that our analysis of the data results in [Eu/H]
having a significant trend with Teff, which does not seem like a physical relationship
and could be due to how the data is being looked at. In order to test if these takeaways

are unique to this dataset, we explore these same trends in the dataset of B&B.

3.2 Battistini & Bensby

The results of our analysis of the Battistini & Bensby data allow us to compare
the two datasets and what our models tell us about them. The B&B dataset is smaller
than the Delgado-Mena dataset (566 stars) with a set of 378 Eu positive stars and does
not differentiate between the different populations (i.e., thin, thick disk, halo and hamr)
the stars occupy.

We follow a similar pattern as seen for the Delgado-Mena data and convey
the results in the same manner, where these graphs are simpler due to there being no
population listings in the data.

In figure 3.14, we see a statistically significant negative slope that is similar in

magnitude to what we see for Delgado-Mena. This indicates that the [Eu/H| abundance
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Figure 3.14: Raw [Eu/H| abundance as a function of Age with a [Fe/H] distribution
bar. The resulting relationship conveys that there exists a similar correlation between
[Eu/H] and Age that is seen in the Delgado-Mena dataset. The P-value for this plot is
less than «, which tells us that it is an acceptable model.

of a star has some correlation to the age in that the relationship dictates a younger star
is more likely to have more Eu. However, much like our analysis for the Delgado-Mena
dataset, we aim to observe the effects of detrending select parameters on the variance
of Eu, and comparing it to age allows us to develop our understanding of Eu in the
context of galactic evolution. We also use the raw relationship with age as a baseline
relationship that we will compare back to test if our detrending analysis has an effect
on the confidence of the modeling procedure.

For fig 3.15, we see a positive correlation between residual Eu and Fe, much like
in 3.2. There is a slight discrepancy in the value of the slopes, where the errors on each
don’t cause these values to overlap. The slope from the Delgado-Mena sample is slightly
larger for the total population and even more for the thin population. The importance

of this is that this positive correlation is of similar magnitude, which leads us to expect
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Figure 3.15: [Eu/H] vs [Fe/H] with Effective Temperature as the color distribution. A

positive correlation is seen from the blue best-fit line. The P-value for this plot is less
than «; this tells us it is an acceptable model.

a similar relationship in the rest of the galaxy. This allows us to continue our analysis
of the data to see if there are any significant differences we see when comparing back to
the Delgado-Mena analysis.

We see in fig 3.16 a positive correlation between residual Eu and Teff that
happens to be marginally statistically significant. This is contradictory to what we see
in fig 3.3, which portrays a negative correlation of nearly the same magnitude. This
revelation brings up questions that we will discuss further in the discussion section.

For fig 3.17, we see a positive slope between residual Eu and Age that is almost
identical to the slope seen in fig 3.4 total model (blue) with the respective values being
2.32 % 1073 for B&B and 2.35 % 1073 for Delgado-Mena. This is interesting even when
considering the models are not statistically significant and that our analysis results in

very similar values for the relationship. The errors on the model slopes differ slightly,
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Figure 3.16: [Fe/H] Detrended from [Eu/H] vs Effective Temperature. A positive cor-
relation is shown by the blue best-fit line. The P-value for this plot is the closest to «

but is still less than «; this tells us it is an acceptable model, however only marginally
S0.

which is likely due to the errors associated with initially calculating all the related
parameters to this analysis. The sample size of Delgado-Mena is larger, allowing a more
robust approximation than when compared to the B&B data, as seen by the smaller
errors associated with the respective resulting slopes. We speculate the cause of the
statistical insignificance, as stated previously, to be rooted in the fact that since Eu and
Fe track together at similar rates when we eliminate the Fe trend from the data, we are
losing statistical weight.

Now that we have categorized what happens to [Eu/H] when we look at its
relationship with [Fe/H] and how that relationship affects [Eu/H]’s other relationships,
we can move to the [Mg/H] relationship to compare back to our Delgado-Mena analysis.

Much like before, we show the [Eu/H] abundance relationship with age in fig

3.18. We see that the [Mg/H]| acts like the [Fe/H], which we show in more detail in fig
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Figure 3.17: [Fe/H] & T¢ss detrended from [Eu/H] vs Age. Similar to Figure 3.4 for the
total model(blue), a positive correlation can be seen. The P-value for this plot is also

greater than «, which tells us that it is not an acceptable model.
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Figure 3.18: Raw [Eu/H] vs Age with a [Mg/H] distribution color bar. The only differ-
ence in this plot when compared to Figure 3.14 is the color distribution. The P-value
for this plot is less than «, which tells us that it is an acceptable model.
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Figure 3.19: [Eu/H] vs [Mg/H] with an Effective Temperature color distribution. The

best-fit line corresponds to a positive correlation in the relationship of the two abun-
dances. The P-value for this plot is less than «; this tells us it is an acceptable model.

3.19.

Similar to what we saw for the figures 3.15 and 3.2 that describe the relation-
ship of [Eu/H] with [Fe/H], we see the same for figures 3.19 and 3.6 that describe the
relationship of [Eu/H] with [Mg/H] instead. Where there is a difference in quoted slope
values between the two datasets, in the case of abundance relationships, it happens to
be a little more prominent for the Fe models when compared to the Mg models. It is
important to note that the errors in the slopes of the total model from Delgado-Mena
and the model from B&B are less than the difference of the slopes, meaning they do
not encompass the other slope value within their own range of possible slope values.
Although these aspects are important factors to account for, this figure does create
confidence in the idea that Mg tracks with Eu on a similar timescale to that of Fe.

For fig 3.20 we again see a positive correlation between the residual Eu and
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Figure 3.20: [Mg/H] Detrended from [Eu/H] vs Effective Temperature. A positive

correlation can be seen via the best-fit line in blue. The P-value for this plot is less than
«, which tells us that it is an acceptable model.

Teff as seen in 3.16, which contradicts what we saw for the Delgado-Mena dataset in figs
3.3 and 3.7. This is a statistically significant relationship as seen in the other figures 3.3,
3.7, and 3.16, each describing a similar analysis resulting in slopes of similar magnitude
but in different directions is inherently quite puzzling. We further discuss this puzzling
nature in the next chapter to finish our analysis of the B&B data in the same manner
as we did for the Delgado-Mena data.

Our detrending analysis has brought us back to the relationship [Eu/H] has
with age, and we show this final version of the relationship in fig 3.21. What we see
is a negative correlation that is not statistically significant, contrary to both of the
other relationships [Eu/H] has shown with age in the Battistini and Bensby data, as
displayed in figs 3.14/3.18(these two figures are the same physically and only differ due

to the color distribution explaining the different element abundances) and 3.17. This
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Figure 3.21: [Mg/H] & T¢ss detrended from [Eu/H]. A negative correlation is seen by
the best-fit line. The P-value for this plot is greater than «, this tells us it is not an
acceptable model.

negative correlation is in line with what we saw in the Delgado-Mena data; however, the
magnitude of the relationship seen in 3.21 (—1.01 % 1073) is a factor of almost exactly
ten less than the one seen for the total model of the Delgado-Mena data in fig 3.8
(—1.08 x 1072). Tt is, however, important to note this relationship seen in fig 3.21 is
not significant; thus, scrutinizing it too deeply is detrimental to our argument. This
dataset has created a few questions for us to examine, and we finish off the analysis
by plotting the distributions of the [Eu/H] abundances before and after our analysis to
better prepare our attempt to explain some possible solutions to these questions.

The raw abundance distribution for the B&B data is shown in fig 1.4, which
is near the end of the introduction section. From this distribution, we see a non-normal
distribution that has a few outliers. If we compare our sigma value (0.202) to the error

quoted for [Eu/H] (0.08), we find that our sigma value is larger than the quoted error
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by roughly a factor of 2.5 which we suspect is due to the Metallicity term, and to a
lesser extent the Teff term adding systematics to the relationship. Without performing
our detrending analysis, a result like this would tell us that there is significant variation
in [Eu/H] values; however, if we take into account the inflationary terms by detrending
them, they change the sigma value from 0.202 to ~0.09 (average of 0.088 & 0.092).
Doing this changes the intensity of the variation we are looking for.

Comparing the raw data histograms from both datasets (figs 1.3 and 1.4), we
see that their sigma values are close to one another, with much of the data existing in
the same region, where for the B&B data there exists some outliers on the negative end.
This observation can be paired with the fact that the B&B data has a slightly higher
percent of (Eu) metal-poor stars, with about 57% of the stars having [Eu/H] less than
0 compared to Delgado-Mena’s 54% of stars with [Eu/H] less than 0. Knowing that the
datasets have similar distribution properties before our analysis leads us to suspect that
they will have similar properties after our analysis.

For figures 3.22 and 3.23 we see the resulting distributions of the [Eu/H] values
after our detrending analysis. They are non-normal distributions with smaller sigma
values than what we saw for the raw abundance distribution seen in fig 1.4. Like what
we saw for the Delgado-Mena dataset, the peak-to-peak values are more constrained for
both versions of the detrending, where the sigma value for the Mg detrending is greater
than the sigma value corresponding to the Fe detrending. This data seems to have a
few outstanding outliers by the looks of the initial distribution, which is reduced to a

similar level of the Delgado-Mena data after our analysis; however, the Mg detrending
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Figure 3.22: Histogram distribution of the Dual factor ([Fe/H] & Teff) Detrended
[Eu/H]. The red line represents the best-fit Gaussian

seems less effective at reigning in the outliers, which results in a larger overall peak to
peak distribution as well as a larger dispersion (sigma). This is likely due to the Mg
abundance values having larger associated errors than the Fe abundance values. We
also note that the sigma values for the B&B dataset are greater than the sigma values
seen for the Delgado-Mena data.

Figure 3.24 shows the comparison of the [Eu/H] values to the single-quoted
error for the Battistini and Bensby data of 0.08 dex, which is why it results in a line
of points. Much like in figure 3.13, this plot acts as a 'o’ plot where for this dataset,
we see 5 stars above the 3o level where we would expect one star around this level
for the sample size. We choose to show the [Mg/H] version of the detrending for the

B&B dataset as compared to the figure we show for the Delgado-Mena data (fig 3.13),
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Figure 3.24: Absolute value of the [Mg/H] Detrended [Eu/H] residuals divided by the
Error in [Eu/H] measurements compared to the Absolute value of the Detrended [Eu/H]
residuals. It is represented as a straight line of points due to the singular error value
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45



Counts

-0.2 -0.1 0.0 0.1 0.2
Delta resids [Eu/H] (dex)

Figure 3.25: Histogram distribution of the difference (Delgado-Mena-B&B) in detrended
[Eu/H] values of the overlapping data within each dataset. The average value of the
distribution is ~0.06 dex, where the standard deviation is ~0.075 dex.

which was detrended by [Fe/H]. The reason for this choice is the idea that we wanted to
look at the more interesting parameter from either dataset, whereas, for the Delgado-
Mena dataset, it was the Fe parameter strictly due to the insignificance of the model
in fig 3.4. Whereas, for the B&B dataset, both metallicity parameters resulted in
insignificant models for the 2D detrended relationships with respect to Age, so instead,
we chose to look at Mg due to it being another interesting parameter, where showing
both parameters effects for both datasets in this manner would be redundant due to

the histogram plots we show assisting us.
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3.3 Shared Sample

We found that there are 68 stars in common between the Delgado-Mena and
Battistini & Bensby datasets. A comparison of the difference in the [Eu/H] abundances
is shown in Figure 3.25. The standard deviation of the resulting distribution results in
a value of 0.075, which is comparable to what we see in the other histograms we present
for both datasets after we detrend (figs 3.9, 3.10, 3.11, 3.12, 3.22, 3.23). We expect that
this sigma should be the size of the errors in Delgado-Mena and Battistini and Bensby
added in quadrature. The typical error for [Eu/H] quoted in Battistini and Bensby is
0.08, and Delgado-Mena is 0.1, which, when added in quadrature, is roughly 0.13, which
is significantly different than our sigma value for the combined distribution seen in fig
3.25.

Since the sigma value is not the same as the quadratic sum in this case, it
leads us to suspect that Delgado-Mena and B&B are overestimating their errors. The
Delgado-Mena team calculates their errors for Eu abundances using MOOG, considering
Hyperfine Splitting (HFS) for the abundance value using a method that looks at the
Equivalent Widths (EW’s) [10], which uses the Full Width Half Max (FWHM) of the
spectral lines from ARES. This method accounts for calculated uncertainty such that
the statistical photometric error due to the noise in each pixel and the error related
to the continuum placement, which is the dominant contribution to the error. Their
error analysis also takes into account the stellar parameter error propagation for the

Teff, log(g), and microturbulence &, each with varying degrees of effect on the error
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associated with the abundances they find.

As for the B&B team, they acquire their abundance values using Spectroscopy
Made Easy(SME) to create synthetic spectra to use in their comparison with the ob-
served spectra. For this, they use a minimization routine of an unnormalized x? function
based on the difference between the observed and the synthetic spectra. They estimate
the random errors by deriving how much the errors of the stellar parameters Teff, log(g),
and ¢ (which are also used in Delgado-Mena) would affect the final abundances. Using
this method, they calculated the difference between the abundances with and with-
out the errors on stellar parameters applied, then all the differences for each element
were used to calculate the final square mean error, resulting in a singular error for the
respective elements.

Much like the case for [Eu/H], we compare the average errors of these parame-
ters to the standard deviation of the differences (DM-BB) between the two datasets for
the stars that happen to be in both datasets. What we find is that for Teff, the quadratic
sum of the mean error values, 21K for Delgado-Mena, and 63K for B&B, results in 67K,
whereas the standard deviation of the differences in the Teff for the overlapping sample
is 43K. Similarly, for the other parameters, we find that each of them shows the same
result. Thus, the two analyses are better at determining the stellar parameters than
their adopted errors suggest. This is evidence that there is an overestimation of errors
that, as a result, inflates the errors of the Eu abundances, which negatively affects the

search for intrinsic variations.
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Chapter 4

Discussion

The importance of this study is that it is meant to attempt to determine
the abundance variation of [Eu/H] for the future work of modeling terrestrial planet
geothermal behaviors. We do this by critically examining the correlations found with
Fe, Mg, Teff, and age to Eu in an effort to constrain our understanding of the star-
to-star variations of the Eu abundances as well as to determine the magnitude of the
variations. Knowing the amount in which [Eu/H]| varies allows us to constrain the
thermal evolution models that depend on the abundances of radiogenic elements as
well as silicates. Constraining thermal evolution models allows us to better determine
the likelihood of an exoplanet being geologically active in a similar manner to Earth,
which, as we discussed in the introduction, is an important factor for the evolution and
longevity of life.

Our linear fits of the data allow us to understand the correlation of the re-

spective parameters compared to the [Eu/H] abundance. These trend lines are used in
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the detrending analysis that we perform to determine the [Eu/H] abundance variation.
In our results section, we explain the apparent outcomes for the respective figures in
that section, whereas, in this section, we aim to discuss the overall implications of our
findings. In order to be concise, we will compare the findings for both Delgado-Mena
and B&B simultaneously, looking at the similarities and the differences for the figures
that share the same format (i.e. [Eu/H] vs. Age, [Eu/H] vs. [(Fe or Mg)/H], 1D(Fe
or Mg) detrended [Eu/H] vs. Teff, and 2D detrended [Eu/H| vs. Age) where we end
the discussion with the comparison of the same stars within the datasets, following the
general order of the figures depicted within the results subsections.

When we compare the results from the separate datasets, it is important to
note that we compare the "Total model’(the line/values in blue) from the Delgado-Mena
data to the data in B&B. As an overall note in the Delgado-Mena data, the internal
comparison of the "Thin model’(the line/values in red) to the "Total model” is meant
to convey an example of how taking the galactic population into account can alter the
trend observed, in which, many instances we find little difference between the thin and
total model trends. Wherein the unique incidents of a more significant difference being
observed, further elaboration will be noted for that particular figure.

Starting with the Raw abundance trends with Age seen in figures 3.1, 3.5, 3.14
and 3.18, we note that what we observe is to be expected, as the abundances are higher
for younger stars when compared to lower concentrations for older stars [17, 19]. This is
an example of chemical enrichment which describes that over the lifetime of the universe,

heavier elements become more prevalent which are bound to be an ingredient in stellar
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objects such as stars, planets, gas clouds, etc. These plots also convey the relationship
Fe has with the [Eu/H] and Age parameters, where it is observed in a similar fashion
that Fe concentrations go up for younger stars which again is explained with the idea of
chemical enrichment. However, we show the relationship that [Eu/H] has with [Fe/H]
and [Mg/H] in more detail in the figures 3.2, 3.6, 3.15, and 3.19 to better understand
their correlation to one another.

For the relationship between [Eu/H] and [Fe/H] (fig 3.2), we observe that for
the Delgado-Mena data, the trend lines for the thin and total data show a visible differ-
ence in slope values. What we take away from this relationship is that for sufficiently
sized datasets, it is important to differentiate the stellar populations as it could have
an overarching effect on the analysis moving forward. Similarly, if we compare the total
model trend from Delgado-Mena to the B&B trend (fig 3.15), what we see is a differ-
ence of similar magnitude to what we saw for the internal comparison in Delgado-Mena’s
populations. Each of the trend lines gives us the information that [Eu/H] and [Fe/H]
track with one another; however, not exactly at a 1:1 ratio. This result is expected con-
sidering the sources of the respective elements are likely different, and each population
may have different metallicity dependencies [19, 17, 28].

Looking at the relationship that [Eu/H] has with [Mg/H]| (figs 3.6, 3.19), we
see similar trends with less variability than is seen in the [Fe/H] relationship. When
observing the trends for the [Fe/H] and [Mg/H] analyses side-by-side, we see a different
pattern in how the magnitudes of the slopes act when looking at the plots in the order:

DM thin, DM total, BB total. Following this order, for the [Fe/H] analysis, we see
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that the slope magnitudes decrease, whereas for the [Mg/H] analysis, we see the slope
magnitudes increase. This signifies that [Fe/H] and [Mg/H] behave differently when
accounting for all the populations, where their thin disk behavior is nearly identical,
which can be seen by the similar slopes in the Delgado-Mena thin trends seen in figures
3.2 (0.752 £ 0.0164) and 3.6 (0.751 £ 0.0236). The [Mg/H] results allow us to come
to a similar conclusion we came to with the [Fe/H] trends, which is that [Mg/H] tracks
with [Eu/H] albeit not at a 1:1 ratio and that it does not track as strongly as [Fe/H].

The largest discrepancies between the two datasets are displayed in the figures
concerning the relationship between the 1D-detrended [Eu/H] and Teff (figs 3.3, 3.7,
3.16, 3.20) as the relationships from Delgado-Mena show a negative correlation and
the B&B show a positive correlation. This is the case for both instances of detrending
either the [Fe/H] or [Mg/H]| contributions from the [Eu/H] values. This is interesting
for two reasons, the first being that we do not expect a strong trend between these
two parameters, as the Teff of stars with a common origin often has no bearing on
element abundance [27]. The second reason is that these two independent studies found
conflicting information, which is a signal that there is something in their respective
analyses causing this discrepancy. What this tells us is that moving forward, due to the
systematics we show, we should perform a detrending analysis that accounts for these
systematics, as there should not be a correlation between Eu and Teff.

For the 2D detrended [Eu/H] vs. Age plots (figs 3.4, 3.8, 3.17, 3.21), in the
case of Delgado-Mena, there is a visible distinction of the trends for both versions of

the 2D detrend (i.e., Teff and Fe or Mg). However, the only plot in this subset that
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we can look at and scrutinize the slope differences is fig 3.8, as this is the only plot
with significant trends. The other three figures (3.4, 3.17, 3.21) do not have significant
trend lines. Another takeaway from the Fe detrending is that most of [Eu/H]’s age
correlation is eliminated in this process which tells us that attempting to determine
[Eu/H] variation with age is not very effective, as there is a likelihood that the [Eu/H]
vs. age relationship is dominated by the [Fe/H] factor. With this takeaway in mind, we
find that both metallicity terms ([Fe/H], [Mg/H]) impact the [Eu/H] abundance more
than the Teff and Age parameters which is why we choose to focus on the Metallicity
detrended plots versus a version where we detrended by Teff or Age alone.

As for the Mg version of the 2D detrending of [Eu/H] vs. Age (figs 3.8, 3.21),
we see that the two datasets have differing results when compared to one another.
There is a slight difference in the thin model trend slope and total model trend slope
for the Delgado-Mena dataset, with a more significant difference seen between the total
model trend slopes between Delgado-Mena and B&B. The fact that the trend lines
differ significantly from one another in fig 3.8 tells us that [Mg/H| in the thin disc
acts differently when compared to the other stellar populations. The difference we
see in the Delgado-Mena sample could be due to the heavy concentration of old stars
with a relatively high residual of [Eu/H]. The Delgado-Mena plot (3.8) has statistically
significant trends, which is not seen in the B&B plot (fig 3.21); the reason this is the
case perhaps comes down to sample size and the sample population density ratios. We
do show an insignificant slope for figure 3.21, which would imply a similar finding to our

[Fe/H] case in relation to how it affects [Eu/H]’s relationship with age. However, since
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we see differing results between the two datasets, we come to the conclusion the Mg
contribution to the [Eu/H] vs. Age relationship is minimal, unlike the Fe contribution,
which reinforces the idea that [Fe /H] dominates the [Eu/H] vs. age trend.

Many correlations we show via our trend lines are significant (Table A.1). We
note that the 2D detrending with respect to [Fe/H] results in insignificant trends across
the board, where we see conflicting results for the [Mg/H] detrending. The Delgado-
Mena sample results in significant trend lines after decorrelating [Mg/H] and Teff from
[Eu/H] (fig 3.8), which contradicts the B&B result of an insignificant trend line in fig
3.21. A critical difference between these two figures is that the sample size is different
and may contain different stellar population ratios, which is likely the driving factor in
the contradicting results.

Our histograms (figs 3.9, 3.11, 3.10, 3.12, 3.22, 3.23) are an attempt to un-
derstand the peak-to-peak distribution as well as the standard deviation of the residual
[Eu/H] values. We find the peak-to-peak ranges for each of the variations in both
datasets are close to one another, including the comparison between the two separate
datasets. The variation in results comes from the differences in the standard deviation
values (sigma as noted in the figures) where the B&B dataset has outliers of larger
magnitude which is a driving factor for these differences. Alongside the histograms, we
show our o plot, which tells us how many stars have a [Eu/H] value within a reasonable
range. We find that there is a higher amount of stars that exist in high sigma ranges
than expected from the sample sizes, which is evidence of true outliers.

For the 68 shared stars, we note that the two teams used different methods to
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acquire their [Eu/H] values, which causes the measurements to differ in the respective
datasets. As seen in figure 3.25, the average difference in the detrended [Eu/H] values
is non-zero with a standard deviation value on par with the other values we acquired,
telling us that the different methods used result in significantly different values which
is why it poses a problem. The differences in the measurements from the respective
datasets could originate from the fact that both analyses show evidence of overestimat-
ing. The magnitude of the overestimation could vary from star to star for both analysis
methods, and each can be heavily influenced by the systematic variances we show arising
from Metallicity, Teff, and Age.

Tying things back to the motivation for this project, for Figure 1.2 from Nimmo
[23], we explain that variations in radiogenic abundance can have significant conse-
quences for the thermodynamic evolution of a terrestrial planet’s interior. We then
introduce equation 2.9 in our Equations subsection as a method to compare our re-
sults more directly with this motivating figure. Taking an average of the slopes from
Delgado-Mena (0.818) and B&B (0.812) results in 0.815 which, when used in equation
2.9 results in the Mg term looking like —0.185 - [M ¢g/H]. From this, we note that the
[Mg/H]’s peak-to-peak ranges from -0.5 to 0.3 dex, which would tell us that on Fig 1.2,
we would move up and down about 0.09 and -0.06 dex. Accounting for the [Eu/H];¢s
term, we use the average of the sigmas quoted in figures 3.8 (0.087) and 3.21 (0.092) we
get 0.09, whereupon adopting our 3o significance to cover 99.7% of the population, we

see an up and down shift of £0.27 dex on top of the metallicity shift.
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Chapter 5

Conclusion

For this project, we have analyzed data from a few different papers [3, 5, 11,
12], where the two documents from the Delgado-Mena team share a dataset, and the
Battistini & Bensby paper shares a dataset with the Bensby paper. We analyze the
data from the respective teams to search for intrinsic variation in Eu abundances. We
search for the intrinsic variation in Eu abundances for the purpose of better constraining
geothermal evolution models as detailed by Nimmo in [23]. We do this by comparing
the trend lines of [Eu/H| to Age and a metallicity parameter that takes either [Fe/H] or
[Mg/H] as the argument. After this comparison, we detrend either metallicity term from
the [Eu/H] values and then compare it to Teff. After comparing to Teff, we detrend
this relationship in a similar manner as the metallicity term to compare back to the
Age parameter. What we find from these trend lines is that there exists a significant
correlation between many of these parameters and [Eu/H]. However, for the residual

trend lines for the 2D detrending, the statistical significance varies for the relationships
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we look at. Specifically, the relationship residual [Eu/H| has with Age and [Mg/H] is
the subject of this variation in significance.

Similarly, we learn that there is an odd relationship seen between the 1D
residual [Eu/H] (1D-detrended by [Fe/H] or [Mg/H]) and Teff, such that the results
from the two datasets contradict one another for both metallicity parameters, where the
Delgado-Mena dataset has a positive correlation, and the B&B a negative correlation.
While describing this contradiction, we also note that the trends that the now detrended
[Eu/H] values have with Teff are uncharacteristically strong. Noting that for the 68 stars
that are shared between the two datasets, the differences seen in quoted Teff values range
from around —100K to 130K, which could in part help describe this contradiction, it
does not, however, explain why the relationship is as strong as it is. These trends of
[Eu/H] against Teff for both datasets are near equal to each other in terms of magnitude
but of opposite signs, which poses a thought-provoking question; why has this not been
accounted for more widely in the scientific community? Although we argue for caution
when using Teff as a useful parameter in searching for the intrinsic variation due to these
relatively strong but conflicting relationships, we find that the impact observed on the
[Eu/H] values is less than the impact observed for the metallicity parameter cases.

The metallicity parameters are seen to have the largest effect on [Eu/H] abun-
dances, where the effect of age is similar to that of Teff, in which the overall change in
variation of Eu is minimal. These parameters are not the only parameters that could
inflate any associated error in [Eu/H], but they are the ones we chose to look at due

to the prevalence they hold in large searches as well as the importance they share in
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searching for Earth-like exoplanets and modeling geological activity for terrestrial plan-
ets. Other parameters, such as the log(g) and &, are used in the process of acquiring the
Eu abundance values, which is another source of the inflation in errors associated with
abundance measurements. It is possible that there are other parameters that share a
non-trivial link to artificially inflating abundance variations; however, from our analy-
sis, we show that the Metallicity, Teff, and Age parameters contribute to this inflation
which should be accounted for if performing a similar search for abundance variations.
We find that an average standard deviation of the distributions results in a ’sigma =
0.085,” which is slightly greater than B&B’s estimated error for [Eu/H](0.08) and less
than the average error in the Delgado-Mena data (0.1). Taking our variation to be 0.085
dex, we expect the peak-to-peak values for the [Eu/H] abundance to be around +0.26
dex. This analysis finds little evidence of significant intrinsic variation of Eu in a star-
to-star capacity, with a few exceptions that stand out as outliers in the distributions.
The datasets have an average outlier rate of about 1.5%, with the most extreme outliers
being around the 5o level corresponding to an average residual [Eu/H] value in dex
of about 0.17 for Delgado-Mena and 0.29 for B&B which, when averaged together we
get about 0.23 dex. (Delgado-Mena’s Average residual [Eu/H] value for the outliers is
within the peak-to-peak range for the primary reason that for their dataset, there exist
associated errors with individual stars which means a smaller measured value can have
an extremely small associated error which would constitute an outlier by our notation.)

The size of the errors for the data is likely inflated from a variety of sources,

and due to this, we are unable to discern if what we see is a systematic variation. Future
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analysis could look at an increased sample size of stars with similar or better resolution
from specified locations in the galaxy to better model the respective locations so that we
can better our understanding of galactochemical evolution. While minding the sources
of error inflation, we expect that with a small enough error, it may allow us to observe
with more certainty true star-to-star variation; however, it is likely small in magnitude

due to what our analysis finds.
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Appendix A

Ancillary Material

Slopes and Y-intercepts for [Eu/H] vs X Figures

Dataset /Plot Slopeterror Y-intterror Sig
DM Raw thin [Eu/H] vs Age 3.1/3.5 -3.40e-2 £3.23e-3 | 1.80e-1 £1.86e-2 | Yes
DM Raw total [Eu/H] vs Age 3.1/3.5 | -3.33e-2 +2.29¢-3 | 1.83e-1 +£1.59¢-2 | Yes

DM FeD thin [Eu/H] vs Teff 3.3

-8.85e-5 £6.36e-6

4.95e-1 +£3.57e-2

DM FeD total [Eu/H] vs Teff 3.3

-8.85e-5 £6.74e-6

4.92e-1 +£3.76e-2

DM 2D(Fe,Teff) thin [Eu/H] vs Age 3.4

-2.22e-3 £1.26e-3

1.16e-2 £7.24e-3

DM 2D(Fe,Teff) total [Eu/H] vs Age 3.4

2.35e-3 £9.96e-4

-1.46e-2 £6.90e-3
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Slopes and Y-intercepts for [Eu/H| vs X Figures

BB FeD [Eu/H] vs Teff 3.16

5.73e-5 £1.50e-5

Dataset /Plot Slope+error Y-int+terror Sig

DM MgD thin [Eu/H] vs Teff 3.7 -1.14e-4 £8.47e-6 | 6.36e-1 £4.76e-2 | Yes
DM MgD total [Eu/H] vs Teff 3.7 -1.17e-4 £8.00e-6 | 6.50e-1 +4.46e-2 | Yes
DM 2D (Mg, Teff) thin [Eu/H] vs Age 3.8 | -1.34e-2 +£1.54e-3 | 7.03e-2 £8.88¢-3 | Yes
DM 2D(Mg, Teff) total [Eu/H] vs Age 3.8 | -1.08e-2 £1.09¢-3 | 6.68e-2 +£7.55e-3 | Yes
BB Raw [Eu/H] vs Age 3.14/3.18 -2.31e-2 £2.49e-3 | 1.23e-1 £2.27e-2 | Yes

-3.31e-1 £8.69e-2

BB 2D(Fe,Teff) [Eu/H] vs Age 3.17

2.32e-3 £1.20e-3

-1.93e-2 £1.10e-2

BB MgD [Eu/H] vs Teff 3.20

9.17e-5 £1.56e-5

-5.30e-1 £9.01e-2

Yes

BB 2D (Mg, Teff) [Eu/H] vs Age 3.21

-1.01e-3 £1.25e-3

8.41e-3 +1.14e-2

No

Table A.1: This Table has all the associated values from the linear fit figures in this
document. The Dataset/Plot column is a short descriptor of the relevant plot (will
add fig ref) with the corresponding dataset: DM is for Delgado-Mena, and BB is for
Battisitini and Bensby. The ”Significant” column describes whether or not the linear
fit was found to have a p-value less than 0.001. The rows in Red are highlighted as such
because they contain information used in the 1D detrend against Teff. The parameters
used for the 2D detrending are in Table A.2

67



2-Dimensional Detrending Parameters

Dataset /Plot Y-int | Teff Slope | Metallicity Slope
DM 2D(Fe, Teff) thin [Eu/H] vs Age 3.4 | 0.549 | -9.06e-05 7.82e-01
DM 2D(Fe, Teff) total [Eu/H] vs Age 3.4 | 0.551 | -8.96e-05 6.77e-01
DM 2D(Mg, Teff) thin [Eu/H] vs Age 3.8 | 0.707 | -1.21-04 8.21e-01
DM 2D(Mg, Teff) total [Eu/H] vs Age 3.8 | 0.701 | -1.21e-04 8.18e-01
BB 2D(Fe, Teff) [Eu/H] vs Age 3.17 -0.260 | 5.73e-05 5.75e-01
BB 2D(Mg, Teff) [Eu/H] vs Age 3.21 -0.529 | 9.20e-05 8.12e-01

Table A.2: This table lists values that are acquired via a 2D linear fit from the python

package sklearn.linear_model with the tool LinearRegression from the package.

The

Metallicty Slope column describes the slope acquired for the specified Metallicity pa-

rameter in the Dataset/Plot column.
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