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ABSTRACT

This dissertation presents two chemo-dynamical analyses of metal-poor stars found
within the Milky Way. 115 metal-poor candidate stars, including 28 confirmed very metal-
poor stars, selected from the narrow-band Pristine photometric survey are presented based
on CFHT high-resolution ESPaDOnS spectroscopy. An additional 30 confirmed very metal-
poor stars selected from Pristine are examined based on Gemini/GRACES spectroscopy.
Chemical abundances are determined for a total of 19 elements (Li, Na, Mg, K, Ca, Sc, Ti,
Cr, Mn, Fe, Ni, Cu, Zn, Y, Zr, Ba, La, Nd, Eu) across these studies, which are combined with
Gaia DR2 parallaxes and proper motions to paint a chemically diverse map of ancient stars
in the Galaxy. Abundance patterns similar to those seen in “normal" metal-poor Galactic
halo stars are found in a majority of the stars studied here, however new discoveries of a
handful of chemically unique and kinematically intriguing metal-poor stars are presented.
The chemo-dynamics of these novel stellar relics point towards chemical signatures of
unique and potentially unstudied stellar yields, in addition to stars with origins in accreted
dwarf galaxies and the ancient progenitors of the proto-Milky Way. The success of these
relatively small studies heralds the great contributions to Galactic archaeology expected
from the next generation of large multi-object spectroscopic surveys.

Contained within are two other projects that introduce data products related to Gemini
Observatory instruments. A version of the convolutional neural network StarNet, tuned
to medium-resolution > 6000 -band spectra is presented. This model was trained on
synthetic stellar spectra containing a range of data augmentation steps to more accurately
reflect the observed spectra expected from medium-resolution instruments, like the Gemini-
North Near-Infrared Integral Field Spectrometer (NIFS) or GIRMOS. In an era when
spectroscopic surveys are capable of collecting spectra for hundreds of thousands of stars,
fast and efficient analysis methods are required to maximize scientific impact, and StarNet
delivers on these expectations over a range of spectral resolutions. Finally, a python package
called Nifty4Gemini, and its associated Pyraf/Python based pipeline for processing NIFS
observations is included. Nifty4Gemini reduces NIFS raw data and produces a flux and

wavelength calibrated science cube with the full signal-to-noise, ready for science analysis.
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Chapter 1
Introduction

Inherently curious, humans have long sought to understand our origin story. We enquire
about our inception as a species, about the creation of the elements that comprise our bodies
and the Earth, about the provenance of the Solar System, and about the connection between
the the Milky Way (hereafter the Galaxy) and the Universe as a whole. This enterprise
to de ne "our place in the Universe" has been approached via both philosophical pursuits
and physical experimentation and exploration. | will stick to the discussion of astronomy's
role as a tool in addressing some of these questions, and will omit my own metaphysical
musings on these matters as a favour to the reader.

Observational astronomers are remarkably fortunate to have an entire Universe to use
as a laboratory" in the pursuit of understanding; however this freedom is not truly in nite.
Constrained by the vast physical scales presented to us in the Universe, a very nite speed
of light, current technology, and our existence as primates on the surface of a single planet,
we need to develop clever methods to lever limited accessible information into a more
comprehensive interpretation of the Universe. This dissertation highlights how stellar
spectroscopy can be used to illuminate our chemical origins, and presents some newly
constructed tools used in this endeavour.

1.1 Stellar Spectroscopy

Stellar spectroscopy” is an extremely expansive study that could describe a myriad of topics
ranging from the solar corona to the integrated light of distant galaxies. In the context of this
dissertation, the study of stellar spectra will primarily be limited to the detailed chemical



abundances of the oldest and most metal-pdstars and their connection to Galactic
evolution. The basics of how chemical abundances are determined from stellar spectra are
presented in this section.

The light we collect from a star primarily re ects the outer, optically-thin layers of the
stellar atmosphere. In these layers, photons produced by the underlying optically-thick
black body are scattered and absorbed by free electrons, atoms, and molecules. Since these
particles can only absorb photons of speci ¢ energies/wavelengths, energies dictated by the
kinetics of any free electrons, the electronic structures of atoms, and/or the rotational and
vibrational modes of molecules, each population of present particles will produce a unique
spectral ngerprint. A majority of the work presented in this dissertation uses spectra
collected over optical wavelengths @000 8000R), where the majority of absorption
lines are atomic transitions, i.e. electronic transitions between two speci ¢ energy levels
in an element with a particular ionization state (number of electrons). In order to map
an observed spectral line to a chemical abundance, one needs to determine the number of
atoms present in a given ionization state and the number of electrons each atom has to o er.
The Saha and Boltzmann equations encapsulate this information.

Under the assumption of Local Thermodynamic Equilibrium (L¥Ehe number of
atoms# in two ionization state8and8, 1 is given by the Saha Equation:

#a]_:/&]_ 2

12c< 4 F24* a1 #)ass 1.1
e a3 4)) 458 (1.1)

/| are the partition functions describing the number of con gurations for a given ion-
ization statez=,4 is the number of accessible electrong,is the mass of the electron,are
the energies of the con gurations, is the Boltzmann constant, ands sis the e ective
temperature of the line forming region. Each atom in each ionization state also has a de ned
number of electrons in any given energy level. For given energy |&vefgl1, the number
of electrons availablé is described by the Boltzmann Equation:
#1 _ 61 1

T2 1 o%)ass 1.2
o b0 (1.2)

1Metals" refer to any/all elements heavier than helium

Metal-poor stars in this dissertation will often be classi ed by their metallicity [Fe/H], which represents
the logarithmic ratio of Fe to H in a star, relative to the value measured in the Sun. Very Metal-Poor
(VMP) stars are de ned as having [Fe/H] 20, Extremely Metal-Poor (EMP) as [Fe/H] 3<0, and Ultra
Metal-Poor (UMP) as [Fe/H] 40

A TE assumes that the spatial scales on which temperature uctuations occur are greater than the mean
free path of the photons in the gas, and that the particles in the gas follow a Maxwell-Boltzmann distribution,
which can be used to de ne a kinetic temperature of the region.



where6y and6; are statistical weights for the electron con gurations. Combining the
Saha and Boltzmann equations describes the relative number of atoms in di erent electronic
con gurations. These equations are frequently wrapped into stellar radiative transfer codes
such asnoog4. In conjunction with lab determined atomic information (statistical weights,
partition functions, and energies) and a model stellar atmosphere (see Sec. 1.1.1), these
radiative transfer codes can synthesize synthetic spectra with a de ned chemical abundance
for a species of interest. These model spectra are then compared to observed spectral lines
to determine a chemical abundance for a given element and ionization state in the observed
star.

1.1.1 Model Atmospheres and Stellar Parameters

Since absorption lines are only produced in the optically thin regions of a stellar atmosphere,
only5these regions need to be modeled for radiative transfer codes. The model atmospheres
used inthis dissertation are 1D plane parallel and 3D spherically-symmetric MARCS models
(Gustafsson et al., 2008). The structure of these regions can be described by a few key
thermodynamic quantities: temperatiireggas and photon pressugsand%yy gas density

d, opacityg, scattering coe cients”, and number of accessible electrahs This full

suite of properties are often reduced to the "stellar parameters”: e ective température
surface gravityog 6, metallicity, and microturbulent velocity.

E ective temperature )¢

The e ective temperature of a staye , describes the temperature of the layer in the
stellar atmosphere where the black body continuum forms. This temperature is wavelength
dependent and often assumes LTE. can be determined spectroscopically by balancing

the measured abundance from individual lines of a speci c element (often iron) with the
atomic excitation potential for each line transition. In other words, the slope of the linear
regression to the measured abundances for each line vs. the excitation potentials for each
line acts as a proxy for the atmosphere layer where the line forms. Therefore, the slope
should be zero in a chemically homogeneous model atmosphere. This process is successful
when there are a su cient number of lines over a span of excitation potentials. Species
like Fe I are often used due to the large number of Fe | spectral lines in the optical regime.

4moog was originally written by Chris Sneden (1973), and has been updated and maintained, with the
current versions available at http://www.as.utexas.edu/ chris/moog.html.

5The choice of the word only" should be no means diminish the immense amount of computational work
and scienti ¢ value in producing these atmospheres.



If the model atmosphere is too hot, lines produced at higher excitation potentials will be
over represented (i.e. a high measured abundance) whereas a cold atmosphere will over
represent the lines with small excitation potentials. Alternatively, empirical relations like
the Infrared ux method (IRFM) can be used to determigewhen photometric colors and
metallicities are known (Blackwell et al., 1979b; Alonso et al., 1999; Ramirez & Meléndez,
2005; Casagrande et al., 2010).

Surface gravity log 6

The surface gravity is de ned dsg6 = logt " ' 2° where" is the stellar mass and

' is the radius of the star up to the line forming region. The gravity of a star will a ect
the gas and electron pressufésand % in the line forming region. This also results in
pressure broadening of spectral lines as van der Waals forces and dipole coupling become
stronger. The electron pressure is also related to the number of electrons from particular
ionization states; if we assume that the measured abundance for all ionization states of a
given element should be equal (e.g. there is only one Fe abundance for an individual star),
then we can derivébg 6 spectroscopically by measuring the abundance of two ionization
states of the same element. iFend Feai are often used and the gravity of the model
atmosphere is adjusted until A(Fe= A(Feii)6 All of the above assumes LTE. In the
case of non-LTE (NLTE}, various ionization states, and even di erent absorption lines

of a particular element, can be a ected. Deviations in the derived chemical abundance
between LTE and NLTE can be up tdl dex (Mashonkina et al., 2017d), depending on

the element and choice of lines. This dissertation assumes LTE, however this assumption
is investigated to some degree in Chapter 3 as non-LTE e ects are expected and observed
when determining chemical abundances, especially in RGB stars. Surface gravity may also
be derived empirically if the distance to a star is known through a relationship between
stellar mass),e , and absolute magnitude (see following section on Bayesian inferred stellar
parameters).

6 1-O=logml- Ceftl 01, 12

7n NLTE, the velocities of the gas particles are still described by a Maxwell-Boltzmann distribution,
however an external radiation eld is also considered. Assuming the radiation eld is not in equilibrium (does
not follow the Planck distribution), it will a ect the the populations of particles found in various energy levels,
meaning that the kinetic equilibrium equations should be used over the Saha-Bolzmann equations. The rate
at which inelastic/radiative transitions occur, in comparison to the rate of elastic collisions, will dictate the
departures from LTE.



Microturbulent velocity b

Microturbulent velocityb refers to any and all small scale convection, which a ects the

gas velocities in the line forming region that are not accounted for ain a standard 1-D LTE
analysis. The e ect obb is displayed in spectral lines via a small Doppler broadening.
Microturbulence has also been proposed to represent neglected NLTE corrections in the
model atmospheres themselves. As a spectral line broadens, the measured equivalent width
(EW) also increases, translating to a higher than expected measurement for the chemical
abundanceb can be determined spectroscopically by requiring the abundances measured
from multiple spectral lines of the same species to be independent ab BMdlog 6 have

been found to scale together and this dissertation uses the scaling functions described in
Sitnova et al. (2016) and Mashonkina et al. (2017a).

Metallicity [M/H]

The total metal content of the stellar atmosphere dictates the number of atoms available for
electronic transitions and the opacity of the region. Atomic information and preliminary
abundances for elements like C, N, O, Fe, andutedements are commonly incorporated
into stellar atmosphere models.

When denoted as [M/H], the metallicity represents the column density of all metal”
particles relative to the column density of H, scaled to the column densities observed in the
SurB. More generally, [X/H] =log*#.# ©° log'#.# ©° , where#. isthe number
density of element inthe observed star amtl is the number density of the same element
observed in the Sun. Fe is frequently used as a proxy for M due to the large number of
Fe lines in the optical regime. Metal-poor stars, like those studied in this dissertation, are
also commonlyU-enhanced (with respect to the Sun) so the metal-poorthedhanced
MARCS models have been used in the following chapters.

Bayesian Inference of Stellar Parameters

The spectroscopic methods used to determine stellar parameters, as described in the previous
section, all require the presence of many (ofteb00) spectral lines of a given species for
statistically signi cant results. Unfortunately, VMP stars, and especially hot VMP stars,
have few spectral lines in the optical regime. Consequently, these aforementioned methods
are inappropriate or impossible to carry out. An alternative method used to determine

8This should not be confused with the mass fractions of hydrogen, helium, and metals:and/ ,
respectively



stellar parameters, particularly for VMP stars, is to infer the stellar properties via statistical
methods. Introduced in Sestito et al. (2019), this method, hereafter the "Bayesian inference
method", utilizes photometric observables fr@nia (Gaia Collaboration et al., 2018) in
conjunction with stellar evolutionary tracks to determine stellar paramgter@ndlog 6.

The stellar parameters for the stars studied in Chapters 2 and 3 are primarily derived from
the Bayesian inference method, so the mathematical formulation of this method, as shown
in Sestito et al. (2019), is summarized, with permissions from the author, below.

In simplest terms, the idea behind this method is to use a theoretical stellar evolutionary
track, an isochrone, to relate observable photometric colors and magnitudes to the stellar
parameter3. andlog6. The notable challenge is the translation of observed apparent
magnitude to absolute magnitude. The absolute magnitude of a star is dependent upon
)e , log 6, metallicity, and stellar age, while the relationship between absolute and apparent
magnitude is a ected by the distance to the star and reddening.

Stellar distances can be determined geometrically from stellar parallaagd with the
high precision parallax measurements from the Gaia satellite, distances can be determined
for the roughly one billion stars observed ®aia. The lurking issue is that distant stars
have unreliables , meaning a simple inversion of the parallax measurement to determine
distance should be avoided (Bailer-Jones, 2015). Instead, one can combine photometric
and astrometric properties with a prior describing the Galactic stellar density to create a
probability distribution function (PDF) of the distance to a star. Given the observables
(e.g. photometry, metallicity, parallax) and a modél, the posterior probability of a star
being at a particular distance follows Bayes's rule:

PIMj ©°/L! jMCPIMC e (1.3)

whereL! jMP° is the likelihood of the observables given the model, BAM® is the
prior describing the probability that the model represents the physical scenario.

Assuming the photometric and astrometric information frGaia are independent,
the observables can be split into phot = f 0= %—"%0—X—X—Xs g and  astrom =
fs— X g, whereXQ@Ghe uncertainty associated with measureng@nnh Sestito et al. (2019)
the model is given abl =f° =5logt® 5- g, with ~ the distance modulus of the star,
Athe distance to the star, andts age. Expanding the above, equation 1.3 can be rewrttien
as:

PIMj °/L phot* photjMol- astront s JMPPIMO o (1.4)



I'll refer the curious reader to Sestito et al. (2019) for the detailed derivation, but the
key points are highlighted below.

L phott phodM© represents the photometric likelihood of a star for a choice ahd

. In this case, MESA/MIST isochrones (Paxton et al., 2011; Choi et al., 2016; Dotter,

2016) are used to relate the choice oto a set of predicte@aia absolute magnitudes
M =" g—"19,° These predicted magnitudes, can then be shifted by the choice distance
modulus’ and compared to the observed photometric properties. This process is integrated
along the isochrone to compute the highest probabiléynd consequently, high probability
distance. Two peaks ibhphott phofM®, are expected for most stars which correspond to
the dwarf and giant solutions.

To break the degeneracy in the dwarf/giant solutions,Glhaé DR2 parallaxs and
its uncertaintyX; are folded into the analysisL asroit s JM© is de ned as the normal
distribution fors given its uncertaintys . Even for stars with larg; *s , theGaia data
can often exclude the dwarf solution.

Equation 1.4 also requires prior information on the mddel This can be decomposed
into a prior on the heliocentric distance and the position on the sky in Galactic coordinates
P1A —1° and a prior on the age! °;, PIM° = P1A —1°Pt ° The choice of prior
on the line of sight distance is motivated by the known and expected distributions of old
stars in the Galaxy and a combination of a thick disk and halo density pro le (Binney &
Tremaine, 2008; Hernitschek et al., 2016) are used. The remaining Bfiof, may be
the least certain as there is little constraint on the ages of the most metal-poor stars. With
that said, they are assumed to be very old (Starkenburg et al., 2017b) and a uniform prior
for ages between 11.2 and 14.1 Gyr is adopted (the maximum values of the MESA/MIST
isochrone grid). The objective is then to infer the PDF dthe distanceéAto the star by
marginalizing over the age:

1

% j °= PIMj °3-— (1.5)

assuming Omag@ 10pc).

Finally, we can nd the posterior probability as a functionled 6 and) . as each point
on the theoretical isochrones corresponds to a value of the surface gravity and e ective
temperature. Figure 1 from Sestito et al. (2019) is reproduced below.



Figure 1.1 Figure 1 from Sestito et al. (2019). Position of their sample stars in the CMD (left)
and thelog!6° vs. ) ¢ plane (right). The ellipses represent the position of the stars within

1 sigma and the black lines correspond to the three MIST isochronedogitheyr® =
1005-10-10-1015 and metallicity [Fe/H] = -4.0 dex. If the dwarf-giant degeneracy is not
broken, the two possible solutions are represented and connected by a dot-dashed line of the
same colour code. Solutions with integrated probabiliﬁfjf %3 A3A lower thans5% are

not shown and solutions with integrated probability in the rax&§é-50%d/are shown with
dot-dashed ellipses. Outliers in this gure, notably HE 033+0148, lay outside the colour
range of the MIST/MESA isochrones.



1.1.2 Chemical Abundances

Prior to the formation of the rst stars, the Universe was comprised solely of hydrogen,
helium, and trace amounts of lithium and beryllium. Upon careful observation of one's
own surroundings, gerykeen observer may note that the chemistry of the Universe today
is much more diverse. Assuming they are not too distracted by the dazzle of diamonds and
the glitter of gold, they may ask themselves where all that C and Au came from. In the
hot and dense crucibles of stars, the heavier elements are forged. Whether we consider the
by-products of stellar evolution along the HR diagram (Herwig, 2005), the yields from core
collapse supernovae (SNe) (e.g. Nomoto et al., 2006; Heger & Woosley, 2010; Tominaga
et al., 2014, Ishigaki et al., 2018), or the by-products of neutron star mergers (Argast et al.,
2004; Coté et al., 2017a), the diversity of formation sites is re ected in the diversity of
chemistry of the Universe. By studying the detailed chemical abundances of individual
elements visible in ancient stellar atmospheres, we can unlock clues about the formation
of the elements themselves and the nature of the rst stars. An overview of the principle
groups of elements important for this dissertation and their formation sites are given below:

Light elements The formation of the light elements (C, N, O, and some odd-Z
elements like Na and Al) can be traced to a number of formation sites. He-burning
in asymptotic giant branch (AGB) stars produce C and O (Herwig, 2005), the ejecta
of Type Il supernovae (SNe) and the stellar yields from the rst stars show evidence
of C and other light elements like Na and Sc (Umeda et al., 2006; Tominaga et al.,
2014; Casey & Schlaufman, 2015; Clarkson et al., 2018), and convective mixing in
massive ( i 20" ) rotating low metallicity stars is a proposed site for primary
nitrogen production (Meynet & Maeder, 2002; Hirschi, 2007). AGB stars play an
important role in the enrichment of C in stellar atmospheres as well since convective
dredge-up events bring C to the surface of the star where it may then be transferred
to a binary companion or ejected into the interstellar medium (ISM) via stellar winds
(Herwig, 2005; Arentsen et al., 2019). The CNO cycle (Burbidge et al., 1957) is the
dominant H-burning process at temperatures abo2€10°K, where C, N, and O act

as catalysts for the reaction (Kippenhahn & Weigert, 1994). As CNO cycling occurs
deep in the H-burning layer of RGB and AGB stars, N is produced at the expense of
C. Through consecutive convective dredge-up episodes, surface N is enhanced and
C is diluted (Gratton et al., 2000; Spite et al., 2005). A study of the [C/N] ratio
can provide insight to a star's progress along the giant branch and this observation
has been used to estimate ages for evolved stars (Masseron & Gilmore, 2015; Martig
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etal., 2016).

U-elements: The U-elements are aptly names as they are formed via the capture of
U-particles;*He nuclei, on a parent species. Associated with later burning phases in
massive starsj( 8" ) and SNe Type Il, these elements are central in the study of
the chemical evolution of galaxies (see further discussion in section 1.1.3). Typically
Mg, Si, S, Ca, and Ti represent the claddielements, though Zn also behaves like
an U-element in metal-poor stars and in damped Lyman-alpha systems (Kobayashi
etal., 2006; Rafelski et al., 2012; Nomoto et al., 2013; Barbuy et al., 2015; Berg et al.,
2015; Bensby et al., 2017; Kobayashi et al., 2020)

Iron-peak elements: The Fe-peak elements describe Cr, Mn, Co, Ni, and Cu.
Capable of being formed in both SNe Type la and Type II, the primary contribution
of these elements in galactic chemical evolution appears to be from Type la (Iwamoto
& Saio, 1999; Tominaga et al., 2014). As su cient time is needed to form the white
dwarf progenitors of SNe la, these elements re ect time scales in galactic chemical
evolution& 1 Gyr after periods of star formation.

Neutron-capture elements: Nuclear fusion in stars is incapable of producing ele-
ments beyond the Fe-peak, meaning all heavier elements up to uranium need to be
produced by alternative means. In regions with high neutron densities, light, stable
nuclei will capture neutrons. These heavy isotopes are usually unstable and will
decay viaVv- or V+ emission, ultimately changing the atomic numbeof the parent
element. A majority of the neutron capture events will resuNdremission, which
increases the atomic number of the daughter nuclei and creates a new element. There
are two primary processes which act as pathways to the formation of the heavier
elements: the slow-procedd @nd the rapid-process)(

Elements that are created when the neutron capture rate is slower than the typical
V- decay time scale are tHgprocess elements. AGB stars are the primary source
for the Bprocess and produce approximately half of the elements heavier than iron
(Arlandini et al., 1999; Herwig, 2005). The third dredge-up event coupled with the
strong stellar winds of AGB stars is largely responsible for the enrichment of the
ISM with Bprocess material, Alternatively, when the neutron captures occur on time
scale much faster than the decay time, Aprocess, higher atomic numbers can be
reached. Core collapse supernovae and neutron star mergers are currently thought
to be the primary production sites of tAgrocess, though the diversity Afprocess
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abundances in di erent environments and over a range of evolutionary scales suggest
multiple pathways (Woosley et al., 1994; Travaglio et al., 2004; Freiburghaus et al.,
1999; Tsujimoto & Shigeyama, 2014; Ji et al., 2016b; C6té et al., 2017b,a; Abbott
et al., 2017; Drout et al., 2017; Roederer, 2017; Roederer et al., 2018a; Grichener &
Soker, 2019; Siegel et al., 2019; Placco et al., 2020)

The contributions to an elemental abundance fromBlaed Aprocesses are often
studied, as both processes often contribute to the production of a particular element.
Eu is frequently considered a pukeprocess element as the Eu abundance in solar-
metallicity stars is explained by 95%process contributions ands% of Bprocess
contributions (Burris et al., 2000; Sneden et al., 2008). Alternatively, elements like Sr,
Y, Zr, and La show over-abundances, relative to solar, at low metallicity. This suggest
the nucelosythetic sites to produce these elements were di erent in the low metallicity
Universe (Burris et al., 2000; Travaglio et al., 2004; Venn et al., 2004; Francois et al.,
2007; Sneden et al., 2008). Galactic chemical evolution models can constrain the
formation sites for the neutron-capture elements, but detailed chemical abundances
for large samples of stars spanning the full metallicity distribution function are needed
to test and constrain the theoretical predictions (Cohen et al., 2004; Norris et al., 2007;
Heger & Woosley, 2010; Nomoto et al., 2013; Tominaga et al., 2014; Choplin et al.,
2017; Coté et al., 2017a)

High-resolution spectroscopy (HRS) & 20-000) is typically required to determine
the detailed chemical abundance pro les of stars with high precisfof@.2 dex). In the
case of detecting Eu in the optical regime, equivalent widths can be less 4@mA in
red giants, requiring+# & 80and' & 40-000to detect. Spectral resolutionis de ned
here as «X_where__is the wavelength of light of interest aixd is the smallest resolvable
spectral element at that wavelengi.is set by the width of the slitin long slit spectroscopy,
the spacing of the gratings and/or the geometry of the grating itself in spectrographs that
use a diraction grating (e.g. echelle spectrometers like the Echelle SpectroPolarimetric
Device for the Observation of Stars (ESPaDONS) at the Canada-France-Hawaii Telescope
(CFHT)), or the width of the mirrors used in an image-slicer (e.g. Integral Field Units like
the Near Infra-Red Integral Field Spectrometer (NIFS) at Gemini-N).

With this said, HRS has its limitations. Bright stars and/or long exposure times are
required in HRS to obtain a useful signal-to-noise rafio#{ or (#' ) as the light of the
source is dispersed over many resolution elements (i.£60,000 pixels in the case of
a GRACES spectrum). Consequently, HRS studies have traditionally been limited to the
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solar neighbourhood or to the brightest sources in the Galactic halo and the dwarf galaxy
satellites of the Milky Way. These limitations become prohibitive in building large HRS
samples of distant/faint stars in the MW and its satellites.

A possible solution to the shortcomings of a high-resolution survey is to construct a
medium-resolution spectroscopic (MRS) study. MRS permits the derivation of fundamental
stellar parameters, metallicitie&)/Fe] , andsomdight element abundances with compara-
ble accuracy, though lower precision, of measurements from HRS (Kirby et al., 2008). Since
spectrographs with high spectral resolution require signi cantly longer exposure times than
a medium-resolution instrument to reach the same desired S/N, medium-resolution surveys
are typically capable of observing more targets, over a larger range of magnitudes, in a
shorter period of time. These bene ts make MRS the ideal tool to collect large samples
of spectra for individual stars at large distances, enabling studies on the chemical evolution
and hierarchical structure formation of Galactic satellites and nearby Galaxies.

Medium-resolution spectroscopic surveys like RAVE (RO00) (Steinmetz et al.,
2020b,a) SEGUE (R2,000) (Yanny et al., 2009), LAMOST (RL,800) (Luo, 2015), and
Gaia Radial Velocity Spectrometer (RVS) (R1,500) Recio-Blanco (2016) have proven
to be exceptionally valuable for studies of structure within the Galaxy. From medium-
resolution spectra ogf 10P stars, the metallicity gradient of the Galaxy has been explored
(Schonrich & Binney, 2009; Grand et al., 2015; Kawata et al., 2017), age-metallicity re-
lations have been identi ed and linked to Galactic kinematic history (Martig et al., 2014;
Aumer et al., 2016; Grand et al., 2016; Casey et al., 2017), and the metallicity-distribution
function of the Galaxy has been mapped (Casagrande et al., 2011; Hayden et al., 2015).
While detailed chemical abundances are historically inaccessible from medium-resolution
spectra as a consequence of spectral feature blending at medium-resolution, the derivation
of fundamental stellar parameters is still crucial for Galactic astrophysics. Studies like
Ting et al. (2017a,b) are challenging these historical shortcomings with machine learning
methods.

The analysis of medium-resolution spectra can be most accurately treated via spectral
modelling, similar to that done in high-resolution analyses. Given a set of stellar parameters
and a well vetted linelist, a synthetic spectrum can be synthesized and compared to the
observed spectrum. Though weak lines and line blends cannot typically be resolved in a
medium-resolution spectrum, if the spectrum has su cient spectral coverage (on the order
of a few thousand Angstroms), then the spectrum will contain the integrated information
of hundreds of absorption lines. This high information density generates strong statistical
power when comparing the synthesized spectrum to the observed spectrum, allowing one
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to converge on optimal atmospheric parameters and abundances. This technique is the
fundamental process behind the FERRE code (Allende Prieto et al., 2006) (see Chapters 2
and 3). The shortcoming of this process is that the individual e ects of stellar parameters,
metallicity, and individual abundances becomes obfuscated and correlations can arise.
Careful selection of spectral coverage, linelists, and analysis methods is paramount in
making reliable measurements from MRS. Chapter 4 highlights two projects related to
improving the delity of MRS studies.

1.1.3 Chemical Evolution

The rst stars that formed in the universe, the Population Il (Pop Ill) stars, formed from
gas composed solely of Big Bang nucleosynthesis products, i.e. hydrogen, helium, and
trace amounts of lithium and beryllium (Steigman, 2007; Cyburt et al., 2016). These stars
evolved, formed heavier elements through the aforementioned nucleosynthetic pathways,
and dispersed these new elements into their environments through supernovae and stellar
winds. Regardless of the formation mechanism, newly created elements are inevitably
injected into the interstellar medium, polluting the pristine, post-Big Bang gas with trace
amounts of metals. This seeded material may go on to form a new generation of stars with
the chemical signatures of the earlier generation locked into their atmospheres. Subsequent
generations of stars formed from this enriched" material and continued the process of metal
enrichment of the Universe, producing new generations of stars which are increasingly
metal-rich. The Universe however does not have a homogeneous chemical distribution
because the distribution of stars is inhomogeneous. Most stars are locked into structures
like galaxies and dwarf galaxies which themselves have ner stellar substructures which
may experience their own evolutionary paths. As a result, each stellar substructure may
have a chemical ngerprint as unique as the next depending on structure characteristics
such as stellar mass, dark matter halo mass, luminosity, the assumed initial mass function
of the stellar population, star formation history, and star formation e ciency (Freeman &
Bland-Hawthorn, 2002; Tolstoy et al., 2009). Thus, detailed chemical abundance maps of
these systems, particularly for elements sensitive to well de ned pathways, allow for us to
not only probe the astrophysical processes responsible for the formation of the elements
themselves, but the formation processes of the structures as a whole.

Chemical abundances have been measured for hundreds of very metal-poor stars in the
Galactic halo and in nearby dwarf galaxies (Suda et al., 2017; Frebel & Norris, 2015; Tolstoy
et al., 2009). It has been observed in the Milky Way and the dwarf galaxy satellites that
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SNe Type Il contributions x J/Fe] , 04 (McWilliam et al., 1995; Gratton et al., 2000;
Tolstoy et al., 2009; Mashonkina et al., 2017d). On larger time scales, dft&yr, lower

mass stars will evolve into white dwarfs and SNe Type la will begin to contribute to the
environment. Since the SNe Type la primarily produce Fe (and Fe-peak element) but trace
amounts ofU-elements, thel/Fe] ratio decreases with [Fe/H] with the addition of Type

la products, producing a knee" in a plot difFe] vs. [Fe/H]. The location of this knee"

is sensitive to both the timescales on which SNe Type la become dominant over Type II,
and to the star formation history and e ciency of a system. Dwarf galaxies have lower star
formation e ciencies and shorter star formation historieé { HA Tolstoy et al., 2009)

than larger systems, due to their lower gas and dark matter halo masses. Coupled with a
top-light" initial mass functions (IMF) (i.e., few contributions from stars over 20lVas
suggested by Tolstoy et al. (2003); Hasselquist et al. (2017), SNe Type la occur at earlier
times than in the higher mass systems (Salvadori & Ferrara, 2009). The end result is that the
[U/Fe] vs. [Fe/H] knee" in dwarf galaxies turns over at lower metallicities than observed

in the Milky Way, but the lack of SNe Type Il at later times permltéfe]Y 0 (Venn et al.,

2004; Tolstoy et al., 2009; Frebel et al., 2010; Letarte et al., 2010; Nissen & Schuster, 2010;
de Boer et al., 2012; McConnachie, 2012; Venn et al., 2012; Nomoto et al., 2013; Frebel
etal., 2014; Hawkins et al., 2014; Berg et al., 2015; Hawkins et al., 2015; Venn et al., 2017,
Hayes et al., 2018; Lucchesi et al., 2020; Nidever et al., 2020; Silva et al., 2020). The
consequences of the di erent evolutionary histories of dwarf galaxies and larger systems
is not strictly displayed in théJ-element abundances. The diversity seemprocess
abundance ratios, in the Galaxy as well as in dwarf galaxy satellites, may be telling of the
chemical evolution history of a system as well (Venn et al., 2004; Tolstoy et al., 2009; Venn
et al., 2012; Ji et al., 2016a; Hansen et al., 2017; Roederer et al., 2018a; Hansen et al.,
2018; Marshall et al., 2019; Sakari et al., 2019; Cain et al., 2020; Ezzeddine et al., 2020;
Holmbeck et al., 2020b,a; Placco et al., 2020; Yuan et al., 2020). In the smallest dwarf
galaxies with measuredlprocess abundances (e.g. Ret Il and its analogs), the stars appear
highly enhanced wit-process material (Ji et al., 2016a; Roederer et al., 2016). These
low mass systems have less total gas to diluteAapyocessed material that is produced.
Alternatively, more massive systems like Tuc Il appear to host a more dilprdcess
signature (Hansen et al., 2017). Hydrodynamical models of dwarf galaxies also suggest
that thelocation of the site of theAprocess within a dwarf system can play a role in the
abundance pro les seen (Safarzadeh et al., 2019; Tarumi et al., 2020). Studying the detailed
chemical abundances of stars is clearly a powerful tool in understanding the evolution of a
system.
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1.1.4 Galactic Archaeology and Chemical Tagging

Knowing that the physical properties of a galaxy and its' evolutionary history can dramati-
cally a ectthe abundance ratios displayed in its' stars, one can examine the chemo-dynamics
of stars, the union of stellar dynamics and chemical-cartography, within the Milky Way to
guide our understanding of the physical conditions in the early Universe, to explore epochs
of early star formation, to identify substructures related to the dwarf galaxy progenitors of
the Galaxy, and to test predictions from models of stellar nucleosynthesis, supernovae explo-
sions, and galactic chemical evolution. Collectively, this endeavor is referred to as chemical
tagging, Galactic archaeology, and/or near- eld cosmology (Freeman & Bland-Hawthorn,
2002; Venn et al., 2004; Tolstoy et al., 2009; Frebel & Norris, 2015).

The oldest and most metal-poor (MP) stars are fossils of the early Universe. Observable
today in the Galaxy and in its dwarf galaxy satellites, these relics are an indispensable
tool for Galactic archaeologists to locally study the physical processes of the high redshift
universe (Freeman & Bland-Hawthorn 2002; Beers & Christlieb 2005; Frebel & Norris
2015; Hartwig et al. 2018; Salvadori et al. 2019). Dedicated surveys such as the HK survey
and Hamburg-ESO surveys Beers et al. (1992); Christlieb et al. (2002b); Beers & Christlieb
(2005), the SDSS SEGUE, BOSS, and APOGEE surveys (Yanny et al., 2009; Eisenstein
et al., 2011; Majewski & SDSS-III/APOGEE Collaboration, 2014), LAMOST (Cui et al.,
2012), SkyMapper (Keller et al., 2007), and tPiestine survey (Starkenburg et al., 2017a)
have uncovered the bulk majority of the known metal-poor stars. Though many EMP
stars have been discovered (according to the SAGA data base (Suda et al., 2017), there are

500stars with [Fe/HY 3+0 known), less than half have the detailed chemical abundance
analyses necessary to place these objects in a greater cosmic context. Furthermore, after
nearly two decades of searching for these rare stars, @0ystars with [Fe/HY 45 and
only 8 with [Fe/H)Y 50 are known (e.g. Aguado et al., 2017a, 2018a,b; Starkenburg
et al., 2018; Bonifacio et al., 2018; Frebel et al., 2019; Nordlander et al., 2019).

EMP stars are interesting because they have only been enriched by one (or a few) super-
nova, and at ancient times before signi cant chemical evolution occurred in the universe.
As mentioned in the previous section, Pop Il stars formed from pristine gas. With no metals
present to e ciently cool the gas via metal-line emission, large Jeans masses, and conse-
guently massive stars$ ( & 100" ), are expected (Silk, 1983; Tegmark et al., 1997; Abel
et al., 2000; Bromm et al., 2002; Yoshida et al., 2@6)hese massive stars would have
been short lived, quickly enriching their local environment with metal-enriched supernova

9This paradigm is being challenged with improved gas fragmentation models and the discovery of very
low mass ultra metal-poor stars (Clark et al., 2011a; Schneider et al., 2012; Schlaufman et al., 2018)
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ejecta. Depending on the intensity of the radiative feedback from the Pop 1l stars, and the
mass of the dark matter mini-halos in which the rst stars are expected to form (Tegmark
et al., 1997), the metal-enriched gas may re-collapse and form a new generation of stars
(Population II/Pop II) (Cooke & Madau, 2014). The presence of metals in the gas enables
more e cient atomic line cooling and dust formation, facilitating gas fragmentation, and
ultimately the formation of lower mass stars (Clark etal., 2011a; Wise et al., 2012; Schneider
etal., 2012). Ifa 0«8M star were to form from this polluted material, it could exist today

on the main sequence, illuminating much earlier times. The detailed chemical abundances
of all EMP stars are a unique measure to disentangle the e ects of nucleosynthesis and
galactic chemical evolution.

Wherewe nd metal-poor stars today is also diagnostic of early galaxy formation.
Based on cosmological simulations of the Local Group, it is thought that the Galactic
halo was formed through the accretion and disruption of dwarf galaxies at early epochs.
Consequently, the old, metal-poor stars seen in the halo manifest the properties of their
progenitor systems (lbata et al., 1994; Helmi et al., 1999; Starkenburg et al., 2017b; El-
Badry et al., 2018a; Safarzadeh et al., 2019; Das et al., 2020; Tarumi et al., 2020). The
arrival of precision proper motions fro@aia DR2 (Gaia Collaboration et al., 2018), in
conjunction with increasingly large datasets of stars with spectroscopic radial velocities
(RVs), has enabled the determination of orbits for halo stars. The majority of the UMP halo
stars have been shown to have high-velocities and eccentric orbits, consistent with those
expected from an accreted dwarf galaxy (Sestito et al., 2019). Similarly, a increasingly
large population of halo stars has been found with highly retrograde orbits and kinematics
consistent with the proposed halo merger remn@aig-EnceladugBelokurov et al., 2018;
Haywood et al., 2018; Helmi et al., 2018; Myeong et al., 2018; Monty et al., 2020} aizd
Sequoia(Barba et al., 2019; Myeong et al., 2019). Curiously, two metal-poor stars have
been found on nearly circular orbits in the Galactic plane (Ca au et al., 2012a; Sestito et al.,
2019; Schlaufman et al., 2018). Since the Galactic plane is thought to have forh@s@yr
ago (Casagrande et al., 2016a), these stars challenge the idea that the most metal-poor stars
are also the oldest stars. The Galactic halo is not the only place to look for the oldest stars,
as Galaxy formation simulations predict that the Galactic bulge is another prime location
to look for these relics (White & Springel, 2000; Starkenburg et al., 2017b). To date, only a
small number of very metal-poor stars ([Fe/M] 2+0) associated with the bulge have been
found (Howes et al., 2016; Lamb et al., 2017; Lucey et al., 2019; Arentsen et al., 2020b;
Lucey et al., 2020). Detailed chemical abundance analyses for these objects are limited, but
they indicate many of the metal-poor bulge candidates are chemically similar to halo stars.
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In fact, estimates of their orbits suggest these stars are likely just bulge interlopers; normal
halo stars with plunging orbit$aiaDR2 proper motions are paramount to nd metal-poor
bulge members (Lucey et al., 2020). Regardless of where we nd metal-poor stars, their
connection to local dwarf galaxy satellites and the formation of the Galaxy warrants their
detailed study.

Though EMP stars are incredibly valuable tracers of the formation history of the Galaxy,
the diversity of chemical abundance pro les and dynamics seen in this sparse population
of objects makes for challenging statistical studies. Galactic archaeology will progress
as statistically large spectroscopic samples of metal-poor stars are found in a variety of
environments within the Local Group. Any and all contributions to the discovery of new
EMP/UMP stars, and the spectroscopic follow-up of these rare and enlightening objects is
valuable to this eld. The following section introduces one such e ort, Bstine survey.

1.2 ThePristine Survey

The Pristine Survef{Starkenburg etal., 2017a) is a narrow-band, photometric survey focused
around the metallicity sensitive Ca Il H & K absorption lines conducted with MegaCam at the
3.6-meter Canada-France-Hawaii Telescope (CFHT). Photometric metallicities are derived
though an empirical relationship which compares the ux from the CaHK lIter to SDSS
colours. Early comparisons with SDSS SEGUE metallicities for a subset of overlapping
targets showed that metal-poor stars could be identi ed with a careful selection of colours
(Starkenburg et al., 2017a). The most metal-poor candidates selected from photometry are
then targeted with medium resolution ( 3500 optical spectroscopy, primarily at the 2.5-
meter Isaac Newton Telescope (INT) and 4.2-meter William Herschel Telescope (WHT),
with spectroscopic metallicities and carbonicities derived from the FERRE code (Allende
Prieto et al., 2006) Pristine has been remarkably e cient with success rates of 56% for
nding stars with [Fe/HlY 2+ and 23% for stars with [Fe/F] 30 (Youakim et al.,

2017; Aguado et al., 2019b). As of September 20rgstinehas discovered 707 new VMP

stars with [Fe/HY 2+0, and 95 new EMP stars with [Fe/M] 3+0 (Aguado et al., 2019b).
Within the population of EMP stars discoveredm®xystineis Pristine 221.8781+9.7844, the
second most metal-poor star known in terms of total metals measured (Starkenburg et al.,
2018). ThrouglPristing, it is expected to nd one star with [Fe/H] 40 for every 100

stars with [Fe/H]  3+0 or roughly 15 UMP stars over the 1000ded footprint, vastly
increasing the sample of known stars with [Fe/H]4<0 (Youakim et al., 2017).
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1.2.1 Observing Campaigns

The success of thBristine survey can be attributed to the performance of the survey's
photometric metallicity estimations, coupled with the target selection for the spectroscopic
follow-up programme. When carrying out spectroscopic observations, the most interesting
targets must be identi ed from the thousands of objects with estimated photometric metal-
licities to optimize the use of telescope time and to maximize the potential scienti ¢ return.
In the current structure of theristine programme, this responsibility of target selection is
left to the telescope operator.

The medium-resolution spectroscopic campaignFostine has largely been ful lled
at the INT (145 of 182 total nights of spectroscopic observations) using the blue sensitive
EEV10 detector on the  3500Intermediate Dispersion Spectrograph (IDS). Through
two observing runs at the INT, spanning a total of 15 nights in May 2016 and May 2017,
| selected and observed 110 and 117 targets, respectively. The 110 stars observed in May
2016 comprise 53% of the 210 star sample used by Youakim et al. (2017) to perform the rst
re nement of thePristine selection criteria. The full sample of 227 stars that | observed
comprise 23% of the total number #fristine stars with follow-up medium-resolution
spectroscopy (MRS). The MRS sample has been used by Aguado et al. (2019b) to further
characterize th@ristine selection criteria and success rates, by Youakim et al. (2020) to
probe the Galactic metallicity distribution function down to [Fe/H]3<5, and by Sestito
et al. (2020b) to examine a population of metal-poor stars in the Galactic disk.

The 100 new EMP stars discoveredByistineare strong candidates for high-resolution
spectroscopic follow-up observations. In the 2018A observing semester, | led a Gemini/-
GRACES campaign as PI to observe ve EMP stars discovered during tierigime MRS
follow-up program. GRACES (Chene et al., 2014) is the ber-feed from the Gemini-North
telescope to the ESPaDONS spectrograph (Donati et al., 2006) located at CFHT. Capital-
izing on the high e ciency of the 8-meter Gemini-N telescope to feed the high-resolution
(' 60-000), broad spectral coverage 4000 10000A) ESPaDONS, GRACES is a well
suited instrument for detailed stellar spectroscopic studies. This program was awarded 9.3
hours of Band A time and was run to completion. During that semester, my advisor Kim
Venn, also requested, and was awardefl50hours, over 5 semesters, of Gemini/lGRACES
time as part of a Large and Long Program (LLP) starting in 2018B. Since then, | have taken
over a large majority of the LLP duties, selecting high priority targets fromPthstine
MRS sample, preparing the observing and instrument con gurations required, and writing
a data reduction suite to process the GRACES data. The LLP data has the potential to
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increase the number of known EMP stars with detailed abundance analyses by 30%, a
pivotal leap in sample size for such important objects. Furthermore, such a large sample of
EMP stars increases the likelihood of nding the next most metal-poor star" and/or new
metal-poor stars with unique chemical signatures, providing critical and new constraints on
the characterization of the rst stars and rst supernovae. The bulk of my dissertation will
be structured around the HRS analysis of newly discovered metal-poor stars found in the
Pristinesurvey.

1.3 Dissertation Outline

This dissertation contains a collection of projects related to stellar spectroscopy. In Chap-
ters 2 and 3, | continue with the theme of chemo-dynamics of Galacic metal-poor stars and
present twdPristine survey projects. Changing gears, in Chapter 4, | present two projects
unrelated toPristine an exploratory expansion of StarNet, a deep learning architecture
applied to the analysis of stellar spectra, to analyse medium-resolution IR spectra (Section
4.1), and my internship at the Gemini-N telescope developing a data reduction pipeline for
the Gemini-N Near-Infrared Integral Field Spectrometer (NIFS) as part of the New Tech-
nologies for Canadian Observatories (NTCO) program (section 4.2). Chapter 5 contains
some commentary on ongoing projects.
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Chapter 2

The PristineSurvey: CFHT ESPaDONS
Spectroscopic Analysis of 115 Bright
Metal-Poor Candidate Stars

Originally published in Monthly Notices of the Royal Astronomical Society, Volume 492,
Issue 3, p.3241-3262 (2020). Authors: Kim Venn, Collin Kjefgderico Sestito, Else
Starkenburg, Nicolas Martin, David Aguado, Anke Arentsen, Piercarlo Bonifacio, Elisa-
betta Ca au, VanessaHill, Pascale Jablonka, Carmela Lardo, Lyudmilla Mashonkina, Julio
Navarro, Chris Sneden, Guillaume Thomas, Kris Youakim, Jonay I. Gonzalez-Hernandez,
Rubén Sanchez Janssen, Ray Carlberg, Khyati Malhan

Personal Contributions

The spectra used in Venn et al. (2020) were delivered by CFHT, fully reduced using the
Libre-Esprit pipeline. However, several data further reduction steps were required before
these spectra could be used for a chemical abundance analysis. | wrote a python-based data
reduction suite, which processes the individual visit spectra into a single, high SNR spectrum
for each star. Starting from the individually extracted and normalized echelle orders, one
continuous spectrum was stitched together by weighting the overlapping wavelength regions
by their error spectrum, and coadding them via a weighted average. All visits for a given
star were then coadded via a weighted mean using the error spectrum to provide the
weights. The coadded spectrum was RV corrected through cross-correlation with a high
SNR comparison spectrum of metal-poor star HD 122563, and the RV corrected spectrum
is nally re-normalized using an asymmetric sigma-clipping routine. Further details are
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given in Section 2.3.

Gaia DR2 proper motions and astrometry have dramatically accelerated the elds of
Galactic Archaeology and near- eld cosmology by providing the data needed to calculate
the detailed orbits of nearby stars. Enabled by these recent developments, my primary
contributions to Venn et al. (2020) were in calculating kinematics and orbits for the 70
highly probable metal-poor candidates. | calculated orbital parameters for the sample with
Galpy(Bovy, 2015), using Bayesian inferred distances (Sestito et al., 2019) , the ESPaDONS
radial velocities, andsaia DR2 proper motions as input data. Th&VPotentiall4 was
adopted, though a more massive halolefGL0'M was chosen following Sestito et al.
(2019). Errors were propagated from the uncertainties in proper motion, RVs, and distance
via Monte-Carlo sampling of the Gaussian distributions of the input quantities. These
results are presented in Sections 2.6.1 - 2.6.3.

Additional contributions include the creation of Figures 2.2, 2.5, 2.7, 2.8, 2.9, 2.10,
2.16,2.17,2.18, 2.19, 2.20, 2.21, and A.1.

ABSTRACT

A chemo-dynamical analysis of 115 metal-poor candidate stars selected from the narrow-
bandPristine photometric survey is presented based on CFHT high-resolution ESPaDONS
spectroscopy. We have discovered 28 new brightY(\5) stars with [Fe/Hf 25
and 5 with [Fe/HY 30 for success rates of 40% (28/70) and 19% (5/27), respectively.

A detailed model atmospheres analysis is carried out for the 28 new metal-poor stars.
Stellar parameters were determined from SDSS photometric colours, Gaia DR2 parallaxes,
MESA/MIST stellar isochrones, and the initiBristine survey metallicities, following a
Bayesian inference method. Chemical abundances are determined for 10 elements (Na,
Mg, Ca, Sc, Ti, Cr, Fe, Ni, Y, Ba). Most stars show chemical abundance patterns that
are similar to the normal metal-poor stars in the Galactic halo; however, we also report
the discoveries of a new r-process rich star, a new CEMP-s candidate with [Y/Ba]>0,
and a metal-poor star with very low [Mg/Fe]. The kinematics and orbits for all of the
highly probable metal-poor candidates are determined by combining our precision radial
velocities with Gaia DR2 proper motions. Some stars show unusual kinematics for their
chemistries, including planar orbits, unbound orbits, and highly elliptical orbits that plunge
deeply into the Galactic bulge (&i Y 05 kpc); also, eight stars have orbital energies and
actions consistent with the Gaia-Enceladus accretion event. This study contributes to our

1This potential is three component model composed of a power law, exponentially cut-o bulge, Miyamoto
Nagai Potential disc, and Navarro, Frenk & White (1997) dark matter halo.
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understanding of the complex chemo-dynamics of the metal-poor Galaxy, and increases the
number of known bright metal-poor stars available for detailed nucleosynthetic studies.

2.1 Introduction

Very old stars are witness to the earliest epochs of galaxy formation and evolution. Most
theoretical models of star formation at early times predict the formation of high mass stars
(e.g., Nakamura & Umemura, 2001; Abel et al., 2002; Bromm, 2013) that contributed to
the reionization of the Universe. During their short lives, these massive stars initiate the
formation of the chemical elements beyond hydrogen, helium, and lithium, and yet no star
with such a primordial composition has yet been found. Fragmentation of the early star
forming regions has also been predicted (e.g., Schneider et al., 2003; Clark et al., 2011b;
Greif, 2015; Hirano et al., 2015), providing an environment where lower madsN )

stars could form, which would have much longer lifetimes. These old stars are expected
to be metal-poor, having formed from nearly pristine gas, and could be used to trace the
chemical elements from the massive (rst) stars and their subsequent supernovae (e.g.,
Frebel & Norris, 2015; Salvadori et al., 2019; Hartwig et al., 2018).

In recent years, abundance patterns of metal-poor stars have been examined extensively
(e.g., Keller et al., 2014; Nordlander et al., 2019; Ishigaki et al., 2018), pointing to the
signi cance of low-energy (faint) supernovae, whose ejecta falls back onto their iron-cores,
thereby mainly expelling light elements. It is not clear if these low-energy supernovae were
more common at ancient times, or if concurrent massive stars underwent direct collapse to
black holes and ceased nearby star formation, erasing any direct evidence of their presence
in the next generation of stars. Overall, metal-poor stars allow us to examine nucleosynthetic
yields from one or a few supernovae events to constrain the detailed physics of these events,
such as neutron star masses, rotation rates, mixing e ciencies, explosion energies, etc.
(Heger & Woosley, 2010; Thielemann et al., 2018; Wanajo, 2018; Miller et al., 2019; Jones
et al., 2019). These yields are relevant for understanding the early chemical build-up and
the initial conditions in the early Galaxy.

Chemical abundances also show variations between old metal-poor stars in di erent
environments such as dwarf galaxies, suggesting that the rst stages of enrichment were not
uniform. Stars in the nearby dwarf galaxies typically have lower abundantesntl odd-Z
elements, attributed to their slower star formation histories and/or fewer number of high mass
stars overall (Venn et al., 2004; Tolstoy et al., 2009; Nissen & Schuster, 2010; McWilliam
et al., 2013; Frebel & Norris, 2015; Hayes et al., 2018), while signi cant variations in
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heavy r-process elements in some dwarf galaxies, and globular clusters, are discussed in
terms of contributions from individual compact binary merger events, like GW170817 (e.qg.,
Roederer, 2011; Roederer et al., 2018a; Ji et al., 2016b, 2019). In addition, about a third
of the [Fe/H]Y 2¢5 star®in the Galactic halo show very high enhancements in carbon
(the carbon-enhanced metal-poor stars, "CEMP"; Yong et al. 2013; Aguado et al. 2019
also see Kielty et al. 2017; Mardini et al. 2019), discussed as a signature of the earliest
chemical enrichment in the Universe. However, at least one ultra metal-poor star is not
carbon-enhanced (SDSS J102915+172927, Caau et al., 2012a), and the known metal-
poor stars in the Galactic bulge do not show carbon-enhancements (Howes et al., 2016;
Lamb et al., 2017). Norris et al. (2013) suggest that there are likely multiple chemical
enrichment pathways for old metal-poor stars dependent on the star formation environment,
and also possibly binary mass transfer e ects (also see discussions by Starkenburg et al.
2014; Arentsen et al. 2019).

The majority of old, metal-poor stars in the Galatic halo are thought to have been accreted
from dwarf galaxies at early epochs, based on cosmological hydrodynamical simulations
of the Local Group (lbata et al., 1994; Helmi et al., 1999; Ibata et al., 2004; Abadi et al.,
2010; Starkenburg et al., 2017b; El-Badry et al., 2018a). This is consistent with the high-
velocity, eccentric, orbits determined from the exquisite Gaia DR2 data (Gaia Collaboration
et al., 2018) and spectroscopic radial velocities for a majority of the ultra metal-poor stars
(Sestito et al., 2019) and the ultra faint dwarf galaxies (Simon, 2018). Interestingly, many
of these orbits are also highly retrograde, similar to the di use halo merger remnants,
Gaia-Enceladus (Helmi et al., 2018; Haywood et al., 2018; Belokurov et al., 2018; Myeong
et al., 2018) and Gaia-Sequoia (Myeong et al., 2019; Barba et al., 2019). However, some
metal-poor stars have been found to have orbits that place them in the Galactic plane (Sestito
et al., 2019), even with nearly circular orbits (e.g., SDSS J102915+172927, Ca au et al.,
2012a). These latter observations challenge the cosmological simulations since metal-poor
stars are assumed to be old, and yet the Galactic plane is thought to have formed®nly
Gyr ago (e.g., Casagrande et al., 2016a; Gianninas et al., 2015). Alternatively, Sestito et al.
(2019) suggest these stars may have be brought into the Galaxy from a merger that helped
to form the disk.

Progressin this eld will require large statistical samples of metal-poor stars in a variety
of environments within the Local Group. Unfortunately, metal-poor stars are exceedingly
rare and di cult to nd, being overwhelmed by the more numerous metal-rich populations
in the Galaxy. Examination of the Besancon model of the Galaxy (Robin et al., 2003),

2We adopt standard notation, such that [X/H] = log(X/H)log(X/H) .
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which is guided by a theoretical framework for the formation and evolution of the main
stellar populations, suggests that a typical halo eld has only on000 stars with [Fe/H]
Y 3 between 14Y + Y 18 (Youakim et al., 2017). Enormous e ort has gone into the
discovery and study of extremely, ultra, and hyper metal-poor stars with [Fé/H3+0,
[Fe/H] Y 40, and [Fe/H]Y 540, respectively. Most of the known metal-poor stars
have been found in dedicated surveys, such as objective prism surveys (the HK survey and
Hamburg-ESO survey, Beers etal., 1992; Beers & Christlieb, 2005; Christlieb et al., 20023,
2008; Frebel etal., 2006; Schorck et al., 2009), wide-band photometric surveys (Schlaufman
& Casey, 2014), and blind spectroscopic surveys, such as the the Sloan Digital Sky Survey
(SDSS) SEGUE and BOSS surveys (Yanny et al., 2009; Eisenstein et al., 2011; Dawson
et al., 2013), and from the Large Sky Area Multi-Object Fibre Spectoscopic Telescope
(LAMOST, Cuietal., 2012). According to the SAGA database (see Suda et al., 2017, and
references therein), there ar600 stars with [Fe/HlY 3+0, though fewer than half have
detailed chemical abundances. Recently, narrow-band photometric surveys have shown
higher success rates for nding metal-poor stars, particularly SkyMapper (Keller et al.,
2007; DaCosta et al., 2019) and tRestine survey (Starkenburg et al., 2017a; Youakim
et al., 2017; Aguado et al., 2019Fristine photometry with follow-up Keck II/DEIMOS
spectroscopy has also been used to increase sample sizes and improve the chemodynamical
studies of faint satellites (Draco Il and Sgr Il, Longeard et al., 2018, 2020). Atthe same time,
Simon (2018) has shown that Gaia DR2 proper motion cleaning may also be a promising
way to nd new metal-poor members of ultra faint dwarf galaxies.

ThePristinesurvey uses a unique narrow-band Iter centered on thie B& K spectral
lines ("CaHK") mounted on MegaPrime/MegaCam at the 3.6-metre Canada France Hawalii
Telescope (CFHT). When combined with broad-band SBA&hotometry (York et al.,
2000), this CaHK lIter has been calibrated to nd metal-poor candidates with 4200
Y 6500 K. ThePristine survey has proven successful at predicting metallicities for faint
objects (18; + | 15), based on results from medium resolution spectroscopic follow-up
(Youakim et al., 2017; Aguado et al., 2019). For brighter objects, the successufshire
calibration is less certain. Ca au et al. (2017) observed 26 bright {¢p) candidates with
the FEROS spectrograph at the MPG/ESO 2.2-metre telescope, but found only 5 stars with
[Fe/H]Y 2¢0. It was thought that the selection may be a ected by previously unrecognized
saturation e ects in the SDSS photometry. Thus, Bonifacio et al. (2019a) selected bright
candidates using a neRristine calibration with APASS photometry (c.f., APASS DR10
Henden, 2019); observations of 40 targets with the SOPHIE spectrograph at Observatoire
de Haute Provence found only 8 stars with [Feld] 2+0, and none with [Fe/HY 3¢0.
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Until now, con rmation of thePristinemetallicity predictions below [Fe/H} 3+0 has only
been carried out for one star from high resolution spectroscopy, Pristine_221.8781+09.7844
at [Fe/H] = 4¢7 (1D, LTE) and+ = 16+4 (Starkenburg et al., 2018).

In this chapter, | present the analysis of 115 bright( 15) metal-poor candidates from
the Pristine survey, calibrated using the original SD&8&hotometry and observed at
the CFHT with the high resolution ESPaDONS spectrograph. Such high resolution spectra
are necessary for detailed chemical abundances, as well as precision radial velocities for
determining the kinematic properties. The power of combining chemical abundances with
kinematic properties of stars is the backbone of the eld of Galactic Archaeology (e.g.,
Freeman & Bland-Hawthorn, 2002; Venn et al., 2004; Tolstoy et al., 2009; Frebel & Norris,
2015). We con rm the success of tiReistinesurvey to nd metal-poor stars even at bright
magnitudes, determine the chemical abundances for 10 elements, calculate the kinematics
of the stars in our sample, and interpret in the context of variations in nucleosynthetic sites,
locations, and time-scales. The study of metal-poor old stars is unique to our Local Group,
since only here can we resolve individual stars and study these rare targets that guide our
understanding of the physics of star formation, supernovae, the early build-up of galaxies,
and the epoch of reionization.

2.2 Target Selection

Targets were selected from tiRistine survey catalogu& which includes 28557 bright
(V Y 15) stars in the original 1000 sq.ded.footprint betweerl80Y ' Y 256 and
,00Y 42Y 16 (Starkenburg et al., 2017a; Youakim et al., 2017).

Pristinesurvey targets were cross-matched with SDSS photometry to db&#iBroad-
band magnitudes used for colour temperature determinations and point source identi cation.
Additional selection criteria were adopted, as described by Youakim et al. (2017), including
the removal of non-star contaminants (based on SDSS and CaHK ags), white dwarf
contaminants (removing SDI3 6 j 06, Lokhorst et al. 2016), variability ags from
Pan-STARRS1 photometry (Hernitschek et al., 2016), and the quality of SA8%nd
photometry. The SDSG6A&and photometry was further used for a colour selection, where
025Y 16 & Y 15and0-15Y 16 A, Y 1+2correspond to the temperature range 4200 K
Y Te Y 6500 K, covering the tip of the red giant branch and the cooler main sequence to
the main sequence turno .

3Anternal-Catalogue-1802.dat
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Figure 2.1 Histogram of the V magnitudes of 223 stars with high probabilities to be metal-
poor ([Fe/HY 2+50) from the (g-i) or (g-r) calibrations in theristine survey original

1000 sq.ded.footprint (grey bars). The 70 stars observed with CFHT ESPaDONS that
also meet these criteria are overplotted (blue bars).
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Figure 2.2 Full CFHT ESPaDONS spectrum for Pristine-235.1449+08.7464 (grey), and
smoothed by a 3-pixel boxcar (black). A signal-to-noise ratio (SNR) =30 near 520 nm was
adopted for this exploratory survey, leaving very low SNR and non-smooth continuum on
the red side of the detector and therefore in the inter-order regions.
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The 115 stars observed at CFHT with the high resolution&000) ESPaDONS
spectrograph (Donati et al., 2006) are listed in Table D.1 including RA and DEC (from
SDSS, in degrees), the dereddened SDIS6AE and Pristine-CaHKy magnitudes, the
+ and magnitudes (converted from SDSS photometry using Jordi et al. (2006) and not
dereddened, thus in observer units), and the reddening E(B-V) value. Extinction values are
small for most stars, and we assume that all the extinction is in the foreground, therefore
using the Schlegel et al. (1998) extinction maps. A summary of the CFHT ESPaDONS
observing runs that comprise this program are 16 AC031 (23 targets), 16AC096 (17 targets),
16BCO008 (25 targets), 17AC002 (30 targets), 18BC018 (25 targets), which is 120 targets,
with 5 repeat targets, thus 115 independent objects.

We note that this program began immediately after the irffradtinesurvey MegaCam
observing runs, and the metallicity calibrations have improved over the course of these
spectroscopic follow-up observations (2016A to 2018B). Of the 115 observed stars, 88
remain in thePristine survey catalogue. In Table D.1, we have 59 stars wi890%
probability to have [Fe/HY 2¢25using both the SDS6 Aand6 8colour calibrations,
and with individual metallicity estimates of [Fe/M] 2¢5. Another 10 stars follow these
selections using the SDS® A colour alone. Youakim et al. (2017) showed that the
SDSS i Iter has saturation e ects in some elds for stars in our magnitude range that
can a ect the SDS$ 8selection criterion. An additional 46 stars were observed with
ESPaDONS, however we now recognize 19 of those to have low probabilities to be metal-
poor, and 27 are no longer in theristine survey catalogue (e.g., due to the saturation
e ects in the SDSS photometry recognized later). Ironically, of those latter 27 stars, one
star (Pristine_213.7879+08.4232) does appear to be metal-poor, e.g.iiitsifat lines
are weak and narrow. Possibly tRestinesurvey selection function is now slightly overly
strict; we retained this one metal-poor candidate. Thus we have observed a total of 70 (59
+ 10 + 1) metal-poor candidates selected from the origif&l00 sqg.ded.footprint of the
Pristine survey. In total, there are 223 bright stars that meet all of the selection criteria
described in this section, thus we have observed 31% (70/223) of these candidates. Both of
these distributions are shown in Fig. 2.1.

The selection criteria used here di er slightly from Youakim et al. (2017) and Aguado
et al. (2019), where stars with probability over 25% in b6th Aand6 8were selected
for their medium resolution spectroscopic program. These lower limits were also adopted
by Ca au et al. (2017) and Bonifacio et al. (2019a) in their target selections, though using
APASS photometry in the latter paper. We emphasize that our target selections were made
without a priori knowledge of the spectroscopic metallicities, other than for a small subset
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of ve stars4in our nal 2018B observing run.

2.3 ESPaDONS Observations

The CFHT high resolution spectrograph ESPaDONS was used between 2016A and 2018B
to observe 115 new bright, metal-poor candidates found in the original CFHT-MegaCam
survey footprint as part of theristinesurvey. ESPaDONS was used in the "star+sky" mode,
providing a high resolution (R68-000) spectrum from 400 to 1000 nm, making it possible
to determine precision radial velocities, stellar parameters, and chemical abundances.
Each observation was fully reduced using the Libre-Esprit pip&linghis included
subtraction of a bias and dark frames, at elding for pixel to pixel variations, and masking
bad pixels. ESPaDONS records 40 orders, each one of them curved, such that Libre-ESpRIT
performs a geometric analysis from the calibration exposures before it performs an optimal
extraction. It also corrects for the tilt of the slit, determines the wavelength calibration from
a thorium lamp exposure, and applies the heliocentric correction. The "star+sky" mode
enables good sky subtraction during the pipeline reductions. The nal (combined) spectra
were renormalized using an asymmetric k-sigma clipping routine.
As this is an exploratory program, spectra were collected until signal-to-nois¢ SNR
near 520 nm was reached per target; multiple exposures were coadded for fainter targets
to reach this SNR. A full sample spectrum for one metal-poor target is shown in Fig. 2.2,
where it can be seen the SNR worsens at shorter wavelengths. In addition, the red side of
the CCD detector in this cross-dispersed echelle spectrograph is less illuminated than the
centre of each order, causing lower SNR in the interorder regions. Overall, this impacts the
smoothness of the spectra. Spectral lines in the low SNR regions were rejected from this
analysis. In total, this observing campaign used over 150 hours of CFHT ESPaDONS time.
Radial velocities (see Tab. D.2) were determined by tting several strong lines per star,
and averaging the results from the individual lines together. This method was selected rather
than a more rigorous use of a cross correlation technique (e.g., TR®IF) because of
slight wavelength solution variations for lines in common between orders and the signi cant
noise in the interorder regions. The typical uncertainty in R¥ RV 0.5 kms?! for

JFive stars had interesting results from our concurrent medium resolution spectral campaign, and were
selected for observations with ESPaDONS during our nal 2018B run. Three were con rmed to be metal
poor ([Fe/HlY 245), but two were not ([Fe/H] 2+0). If we recalculate our success rates without these ve
stars, then 38% (25/65) are found with [Fe¥H] 2+5 and 16% (4/25) with [Fe/H] 3+0.

H.ibre-ESpRIT is a self-contained data reduction package developed speci cally for reducing the ES-
PaDONS echelle spectropolarimetric data developed by Donati et al. (1997)
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Figure 2.3 T vs logg for 70 high-probability metal-poor stars selected from Bistine
survey. For illustration purposes, the isochrones for a single age of 14.1 Gyr are shown
(or log(Alyr) = 10-15). The isochrones used for the stellar parameter estimates are from
a previous version of MESA/MIST (shown in black), compared with isochrones from the
newer version of MIST (V1.2, shown in blue).
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Figure 2.4 A comparison of the Gaia DR2 parallax measurements (with zero point correc-
tion, see text) and 1/(distance, in kpc) from the Bayesian inference method developed by
Sestito et al. (2019) for our 70 metal-poor candidates.



32

lines below 6000 A. Variations between the RV solutions were noticed between the CaT
lines ( 8500 A) vs lines in the blue (below 6000 A), ranging from 0 to 3 ki A similar

o set was seen in CFHT ESPaDONS spectra for CEMP stars by Arentsen et al. (2019),
who showed that the RV derived from lines below 6000 A provide better agreement with
radial velocity standards. Therefore, we did not use any lines above 6000 A for the RV
measurements. The variations for common lines in overlapping orders was small (1-2
pixels, or 0.8 A per line); when averaged over several ling&@) this intrinsic variation
correspondsto 0.5 kms?, the RV uncertainty that we adopt for all of our spectra. Multiple
observations were spaced over a harrow range in time, so that no RV variability information
is available for identifying potential binary systems.

2.4 Spectroscopic Analysis

The analysis of stellar spectra requires a comparison with synthetic spectral calculations of
the radiative transfer through a model atmosphere. In this study, we adopt the ATLAS12
(Kurucz, 2005) and MARCS (Gustafsson et al., 2008) 1-D, hydrostatic, plane parallel mod-
els, in local thermodynamic equilibrium. These models are represented by an e ective
temperature (d ), surface gravity (log g), mean metallicity (represented as the iron abun-
dance, [Fe/H]). The model atmospheres are generated with scaled solar abundances, but
increasedJ element abundances to represent the majority of metal-poor stars in the Galaxy
([U/Fe]=0.0to +0.4). Microturbulencé)is assumed to scale with gravity, using the scaling
relations by Sitnova et al. (2015) and Mashonkina et al. (2017a) for Galactic metal-poor
dwarfs and giants, respectively.

Initial stellar parameters (temperature and metallicity) were determined from photome-
try. A colour temperature was determined from the SB88olours and the semi-empirical
calibrations from Gonzalez Hernandez & Bonifacio (2009), and metallicity was determined
from the SDSBHAhotometry with thdPristineCaH&K Iter, with calibrations described
by Starkenburg et al. (2017a). Our targets range in colour temperatuggds from 4700
to 6700 K, and haveristinemetallicities [Fe/Hprisine .  2¢5; see Tab. D.1.

2.4.1 Stellar parameters using SDSS and Gaia DR2 data, and MIST
isochrones ("Bayesian inference" method)

Improved stellar temperatures and the gravity estimates were determined using a "Bayesian
inference” method developed by Sestito et al. (2019). A probability distribution function
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Figure 2.5 Sample CFHT ESPaDONS spectra for three h@@%00 K) main sequence turn-
o stars and three cool (T4900 K) red giants. Each spectrum is labelled with the target
name, temperature from the Bayesian inference method, and spectroscopic metallicity from

our "Quick Six" analysis.
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of the heliocentric distance to each star was inferred by combining the SDSS photometric
colours and Gaia DR2 parallaxes data, with stellar isochrones, and a Milky Way stellar
density prior. We apply the zero point o set on the parallax 68029 mas recommended
by Lindegren et al. (2018), but note that the Gaia team have discussed the possbilitiy of
spatially correlated parallax errors ranging from 0.1 to 0.01 mas; see discussion by Zinn
etal. 2019. Isochrones are from the MESA/MIST library (Paxton et al., 2011; Dotter, 2016;
Choi et al., 2016), which reach the lowest metallicities ([Fe/H] 4); see Fig 2.3. A at
age prior was assumed between 11 and 14 Gyr (or log(#A/¢£r05 to 10-15), and we
adopted a gaussian PDF for the metallicity centred oriPtigtine photometric metallicity.
Unique solutions for the stellar parameters were found for 85 of our targets (out of 89
stars; the 88 stars that remain in thestinesurvey catalogue after photometric quality cuts,
and one star that we have retained, see Section 2.2). Another four stars have su ciently
large parallax errors that we could not distinguish between the dwarf or giant solutions;
both are given in Tab. D.2. It is recognized that determining the distance to a star simply
by inverting the parallax measurement can lead to substantial errors, especially when the
parallax is small (or even negative), and when there is a relatively large measurement
uncertainties (e.g., c/c j 0el); see Bailer-Jones et al. (2018). One advantage of this
Bayesian inference method is that stars with negative parallax results and stars with very
large parallax errors can be placed onto the isochrones and assumed to be distant. In Fig. 2.4,
the Bayesian inferred distances are compared to the Gaia DR2 parallax measurements.
For two stars (Pristine_200.5298+08.9768 and Pristine_187.9785+08.7294), the Bayesian
inferred distance method seemed to fail, placing these stars in the outer Galactic halo, even
though they have relatively large parallax measurements with small uncertainties (0.46
0+04 mas and 0.74 004 mas in the Gaia DR2 catalogue), and they are metal-rich (e.qg.,
visibly strong Cai triplet lines). Since we had assumed these stars are metal-poor (from
their Pristine metallicities), then the metal-poor isochrone used to compute their distances
was incorrect, and resulted in a poor distance estimate. By adjusting their distances to
simply 1/parallax (i.e., not using the metal-poor stellar isochrones), then both of these stars
are located closer to the Sun, consistent with the majority of metal-rich stars in the Galaxy.
For our main targets, stars that tRastinesurvey identi es as metal-poor and that are truly
metal-poor, then this will not be a problem, and we expect this Bayesian inference method
will provide
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2.4.2 Initial ("Quick Six") spectroscopic metallicities

Adopting the stellar parameters from the Bayesian inference method described above (Sec-
tion 2.4.1), then a model atmosphere was generated from both the MARCS and ATLAS
grids. Elemental abundances were computed using a recent version of the 1D LTE spectrum
analysis code MOOG (Sneden, 1973; Sobeck et al., 2011).

As an initial spectroscopic metallicity estimate, a subset of six iron lines were selected
that are observable in the good SNR regions of the ESPaDONS spectrai 4>4B67.6,
_5269.5, 5371.5, 5397.1) and 2x Fe (_4923.9, 5018.4). These are well-known and
fairly isolated spectral lines, with good atomic désad line strengths across the parameter
range. The equivalent widths of these six lines were measured using BRAM, mea-
suring both the area under the continuum and by tting a Gaussian pro le, comparing the
results. We call the average of these six LTE line abundances our "Quick Six" spectroscopic
metallicities ([Fe/Hge), and these are used as an initial test of Erestine metallicity
estimates.

Sample spectra are shown for six targets; three ho85D0 K), main sequence turn-o
stars and three cool (B900 K) red giants in Fig. 2.5. These spectra are labelled with
their target name, temperature (from the Bayesian inference method, see Section 2.4.1), and
metallicity [Fe/Hye from this "Quick Six" analysis.

Departures from LTE are known to overionize thel le¢oms due to the impact of the
stellar radiation eld, particularly in hotter stars and metal-poor giants. These non-LTE
(NLTE) e ects can be signi cant in our stellar parameter range, such that NLTE corrections
typically reduce the line scatter and improve the=+feeii ionization balance (Amarsi et al.,
2016; Sitnova et al., 2015; Mashonkina et al., 2019). NLTE e ects are explored in this
"Quick Six" analysis, by comparing the results from Mashonkina et al. (2017a, 2019) and
the INSPECT tabl@(Amarsi et al., 2016; Lind et al., 2012). INSPECT provides data for
one of the selected lines, Fe5269, where the NLTE correction igFei) 015, over our
parameter space, where iRLTE) = Fei(LTE) + (Fei). Based on a similar treatment

BAtomic data for the Felines are from Blackwell et al. (1979a) with high precision, or from the laboratory
measurements from O'Brian et al. (1991). TheiiFies have less certain atomic data from Raassen &
Uylings (1998), however a NLTE investigation by Sitnova et al. (2015) showed that these lines have tiny NLTE
correctionsandyield iron abundances in metal-poor stars within 0.1 dex of all othéralRe Fdi lines that
they studied. We also note Roederer et al. (2018b) used arkk1 Fai of these lines in their detailed iron
analysis of six warm metal-poor stars.

NRAF is distributed by the National Optical Astronomy Observatories, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc. (AURA) under cooperative agreement with the National
Science Foundation

8NSPECT non-LTE corrections available at http://inspect-stars.com.
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for inelastic collisions (of Fewith Hi), Mashonkina et al. (2017a) predict similar NLTE
corrections for the other three Fénes (4957, 5372 and 5397). The largest NLTE
corrections ( (Fei) 0e3) are for stars on the subgiant branch, while main sequence stars
have zero corrections. Recently, Mashonkina et al. (2019) have examined the impact
of quantum mechanical rate coe cients on the inelastic collisions, and nd that the NLTE
corrections could be even larger (more positive) in the atmospheres of warm metal-poor stars,
but smaller (even negative) in cool metal-poor stars and with a wide variation depending
on the speci c spectral line. This suggests that the NLTE calculations fon€ed further
study; however, given that these corrections in the literature are smaller than or equal to
our measurement errors, then we do not apply the NLTE corrections in this "Quick Six"
analysis.

The Fe and Fdi individual line abundances are averaged together to nd [Rg/H]
and the standard deviatidi{Fe/H]ge. Each of these results and the total number of lines
used ( 6) are shown in Table D.2. From this analysis, we nd that several oPitisine
metal-poor candidates are not metal-poor. A comparison of the [Geftdh abundances to
the [Fe/Hprisiine predictions are shown in Fig. 2.6. These results are similar to the medium
resolution spectral analyses (Youakim et al., 2017; Aguado et al., 2019), and discussed
further in Section 2.4.5.

2.4.3 Comparing stellar temperatures

A comparison of stellar temperatures from the Bayesian inference method (Section 2.4.1) to
the SDSS colour temperaturefgsg is shownin Fig. 2.7. $psswere the initial temperature
estimates calculated using the InfraRed Flux Methadsuming [Fe/H¥ 25, and based

on SDSS (g-i) photometry. An average of the dwarf and giant solutions was used. For
10 stars, theirq 8§ colours are unreliable because of saturation ags, and we adopt the
relation based on th&( A colours from Ivezi¢ et al. (2008). With this relation, a 200 K

o set was applied to move from [Fe/H} 05 to [Fe/H]= 2. Thus, we expect these
values of kpssto be an oversimpli cation, and are not surprised by the comparisons in
Fig. 2.7, which are colour-coded by the "Quick Six" metallicities [Fey]

Ignoring the metal-rich stars, then there is still a systematic o set between these methods
for the metal-poor stars: theshss colour temperatures are too hot byt50 K for stars
between T 4700 5700K, but they are too cool by 200 K for stars with T; 6000K.

This o set is similar to the uncertainties in the Bayesian inference method temperatures

9RFM, see https://www.sdss. org/drl2/spectro/sspp_irfm/.
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Figure 2.6 Comparisons of the "Quick Six" [Fe#dd]spectral abundances compared with
the Pristine[Fe/H]pristine photometric predictions. Clearly some of tRdstine metal-poor
candidates are not metal-poor stars.

(Tayes for most stars, wheré Tgayesranges from 10 to 200 K (Table D.2). The very
small colour temperature errors §Jss . 10 K in Table D.1 are based on the di erence
between the dwarf/giant solutions, and are not realistic uncertainties.

2.4.4 Comparing gravity and Fei=Feii

lonization balance has traditionally been used as an indicator of surface gravity in a classical
model atmospheres analyses. Therefore, we compare tlygdhges from the Bayesian
inference method (Section 2.4.1) to the dierence in thei]Rend [Feii] abundances,
in Fig. 2.8. This gure is colour-coded by the "Quick Six" spectroscopic metallicities
([Fe/H]os). For the metal-poor stars, the majority of our stars showFeii to within 2f
of the measurement errors, with a mean o set ofi[Fe [Feii] = , 0«2. The measurement
errors are calculated as the line weighted average b&hkd Fai.

For stars with poor agreement between iron ionization states, the cause cannot be due
to neglected NLTE e ects which appear to increase the &sundance even further (see
in Section 2.4.2). The o set is primarily seen in the cooler stars in our sample that are
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Figure 2.7 Comparisons of thiristinesurvey colour temperature §bs9 and the e ective
temperature determined from Bayesian inference methggdJ for our 70 metal-poor
candidates. The data points are coloured by their metallicities from our spectroscopic
[Fe/H]oe analysis. As both temperature estimates adoptPtistine photometric metallic-

ity estimates [Fe/H;isiine@ priori, then clearly the metal-rich stars are not well calibrated.

on the red giant branch (with lower gravities). For these stars, the NLTE corrections are
expected to be small (Fei). 0.15). For stars closer to the main sequence turn o, the
NLTE corrections can be larger; however, the o set between theaRe Fai abundances
seems smaller for those stars in our results. Therefore, the source of ionization equilibrium
0 sets is not yet clear.

For the metal-rich stars, we expect the surface gravities to be unreliable since the pho-
tometricPristinemetallicities [Fe/Hprisinewere assumed a priori in the Bayesian inference
method. We do not investigate the metal-rich stars beyond our "Quick Six" analysis.

2.4.5 Comparisons with MRS analyses (FERRE)

A simultaneouPristine survey program has been carried out for fainter starsY(A6Y
17) with medium resolution (R 1800 spectroscopy at the 2.4-m Isaac Newton Telescope
(INT), 4.2-m William Herschel Telescope, and 3.6-m New Technology Telescope (Aguado
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etal., 2019). These spectra have been observed with uniform spectral wavelength coverage,
360-550 nm, and analysed using the ASSET synthetic spectral grid (Koesterke et al., 2008).
Both the observed and the synethetic spectra have been continuum normalized with the
same functions, and tHe? minimization algorithm FERRE (Allende Prieto et al., 2006) is
applied to derive the stellar parameters (temperature, gravity, metallicity, carbonacity).

The most recent analysis of the medium resolution spectroscopic data includes 946
stars (Aguado et al., 2019), where 13 of those stars are also in our sample of 70 high
probability metal-poor stars (recall, that only 5 were observed at the INT rst, and did not
a ect our target selections). In Figs. 2.8, 2.9, and 2.10, the surface gravities, temperatures,
and metallicities are compared between the two analyses for the 13 stars in common. The
large di erences in gravity are from th&ystemati@rrors in the medium resolution FERRE
analysis. While the FERRE analysis struggles with precision gravities, both methods are
still able to break the dwarf-giant degeneracies su ciently.

There is a clear relationship between the temperatures such that those determined from
isochrones in the Bayesian inference method are coole2B9 K near 5000 K and hotter
by 500K near 6700 K compared to the FERRE temperatures. These o sets are slightly
smaller when compared with the SDSS colour temperatuggssl These temperature
di erences correlate with small-to-moderate metallicity o sets[ffe/H] 0e3) for stars
cooler than 6000 K, whereas two of the hotter stars show larger metallicity o sffs/H]

0<5. In summary, this analysis adopts the stellar parameters from the Bayesian inference
method, and nds that the hot stars are hotter and less metal-poor than the results from the
medium resolution FERRE analysis.

2.5 New stars with [Fe/H] 25

We have identi ed 28 new metal-poor stars, with spectroscopic metallicity [[g/H] 25,
and where both [FeH] and [Feii/H] are below 2+ dex (with the exception of Pris-
tine_198.5486+11.4123, with [H]= 242, which we retain because of its interesting
orbit, discussed below). In this section, a more complete LTE, 1D model atmosphere
analysis is carried out for a larger set of spectral lines and chemical elements.

As a comparison star, a spectrum of HD 122563 from the CFHT archive was analysed
using the same methods as for festine survey targets. Its metallicity is adopted from
the literature, i.e., [Fe/HF 2¢7 01 (see Collet et al., 2018, and references therein),
and our methods using its SDSS colours and Gaia DR2 parallax measurements yield stellar
parameters that are in good agreement with the literatuge= 625 50 K, logg=
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Figure 2.8 Comparisons of the surface gravities and iron ionization balance estimates for
our 70 metal-poor candidates from tReistine survey (top panel), and comparisons of

our surface gravities versus those from the FERRE analysis of medium resolution spectra
(Aguado etal., 2019) for 13 stars in common. The uncertainties in the gravities from FERRE
can be quite large for the metal-poor stars due to a lack of suitable spectral signatures. The
data points are coloured by their metallicities from our spectroscopic [Ge&dialysis.
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Figure 2.9 Temperature comparisons for 13 stars in common between the Bayesian inference
analysis of our CFHT ESPaDONS spectra and the FERRE analysis of medium resolution
spectra (top panel, Aguado et al., 2019). The temperature o sets are slightly smaller when
compared with théristine colour temperatures gbhss bottom panel).
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Figure 2.10 Metallicity comparisons for 13 stars in common between the [Ge#rhlysis

of our CFHT ESPaDOnNS spectra and the FERRE analysis of medium resolution spectra
(top panel, Aguado etal., 2019). [Fedd)values are also compared to the improved [Fe/H]
values for our 28 very metal-poor stars, which include more lines of botlake Fai. The

errors in the bottom panel are dominated by the "Quick SipfFe/H]qs. analysis.
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16 0+1. Microturbulence i) was set to 2.0 km ¢ using the relationship with gravity
from Mashonkina et al. (2017a).

For all 28Pristinesurvey stars and HD122563, we identify and measure as many clean
spectral lines as possible for a detailed abundance analysis, including more linesotiFe
Feii for higher precision iron abundances (than from the [Fgétdihalysis). Starting with
the spectral line list from Norris et al. (2017), spectral features were identi ed and measured
using DAOSpec (Stetson & Pancino, 2008), and frequently checked by measuring the area
under the continuum using IRAB?;>CAtomic data were updated when appropriate by
comparing to théinemakeatomic and molecular line databdfeAbundance results from
the model atmospheres analysis are compared to the solar (photospheric) abundances from
Asplund et al. (2009).

2.5.1 Iron-group elements

The 28 new very metal-poor stars were initially identi ed from their [Fefshbundances
in Table D.2.

The iron abundances have been recalculated from 2-86 linesipRFelines of Fei;
see Table D.3. A minimum equivalent width was used to calculate an upper limit for
Feii for one star. The line-to-line scatter in theifdundances range froi(Fei) = 0.12 to
0.24, even when only a small number of lines were measured. This is noteworthy because
when other elements havé 4 lines, we adopt the larger 6f(X) or f (Fei)/ 1#.° as a
better representation of their line scatter.

These extended iron line measurements and abundances are not used to redetermine the
spectroscopic stellar parameters for three reasons: (1) low sensitivity to the precise metal-
licity in the Bayesian inference method for the con rmed metal-poor stars, (2) insu cient
number of lines of F& (and often F¢) for a fully independent analysis, and (3) the SNR of
our CFHT ESPaDONS spectra @0) is such that individual measurements of weak lines
remain somewhat uncertain. The total iron abundance [Fe/H] is calculated as a weighted
mean of Fé and Féi, and the total errol{Fe/H] asf ([Fe/H])/(NFei+NFeii)*2. These
iron abundances are shown in Fig. 2.11 (top panel), where the errorbars include the system-
atic errors from the stellar parameter uncertainties added in quadrature (see Section 2.5.5,
though the systematic errors tend to be much smaller).

1Ginemakecontains laboratory atomic data (transition probabilities, hyper ne and isotopic substructures)
published by the Wisconsin Atomic Physics and the Old Dominion Molecular Physics groups. These lists and
accompanying line list assembly software have been developed by C. Sneden and are curated by V. Placco at
https://github.com/vmplacco/linemake.
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Figure 2.11 Iron-group (Fe, Cr, Ni) abundances and upper limits in our 28 new very metal-
poor stars ([Fe/HY 25, red points). Analysis results of the CFHT ESPaDONS spectrum

for the standard star HD 122563 are included (black point). Errorbars are the measurement
errors and systematic errors combined in quadrature. Galactic comparison stars are included
from the homogeneous analysis by Yong et al. (2013, small grey points).
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Figure 2.12 Mg, Ca, and Ti abundances and upper limits in the 28 new metal-poor stars
([Fe/H] Y 245); symbols the same as in Fig. 2.11.
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There is good to fair agreement between Bed Fai, such that [F€ [Feii] ranges
from 0s2to, 02. There is a median o set, 092 for the sample, which isot due to
NLTE corrections (see the discussion in Section 2.4.2). This may be due to the ladk of Fe
lines in our metal-poor stars spectra for robust measurements, but another possibility is a
systematic gravity uncertainty;>6g 05. High resolution spectra at bluer wavelengths
(4000 A) would provide more lines of Heto test this in the future. We also examine the
slopes in the Feline abundances vs excitation potentig| {n eV) to test our temperature
estimates. A meaningful slope could be measured wheni)(FE&5and jj 3eV, and
all slopes were found to be relatively al/ 0s1 dex/eV. This gives us more con dence
in the delity of the temperatures ghyes and thereby the Bayesian inference method for
calculating stellar parameters and uncertainties.

The other iron-group elements (Cr and Ni, listed in Table D.3) are in good agreement
with [Fe/H], and/or other Galactic halo stars at similar metallicities; see Fig. 2.11. Cris
determined from 1-3 lines of Gr(5206.0, 5208.4 , and 5409.8 A); only the spectrum of
Pristine_245.8356+13.8777 had su cient SNR at blue wavelengths that the lines at 4254.3,
4274.8, and 4289.7 A could also be observed. [Cr/Fe] is subsolar in metal-poor stars,
suggested as a NLTE e ect (Bergemann & Cescutti, 2010). Niis determined from 1-2 lines
of Nii (5035.4, 5476.9 A). Three additional lines were available in the high SNR spectrum
of HD 122563 (5080.5, 6643.6, and 6767.8 A). The [Ni/Fe] results are withiof the
solar ratio, similar to other Galactic halo stars.

The U-element abundances (Mg and Ca) in the 28 new very metal-poor stars are listed
in Table D.4. Upper limits are determined for some stars by computingngiimum
equivalent widths. ThdJ-elements form through hydrostatic H- and He-core burning
stages, though some Ca can also form later during SN la events. Because of these di erent
nucleosynthetic sites, the [Mg/Ca] ratio need not scale together at all metallicities, as seen
in some dwarf galaxies such as the Carina and Sextans dwarf galaxies (e.g., Norris et al.,
2017; Jablonka et al., 2015; Venn et al., 2012), also the unusual star cluster NGC 2419
(Cohen & Kirby, 2012). We also include our discussion of Ti in this section even though
it does not form with théJ-elements. The dominant isotoff&li forms primarily through
Si-burning in massive stars (e.g., Woosley et al., 2002), and yet it seems to scale with other
U-elements in metal-poor stars in the Galaxy.

Mg is determined from 2-3 lines (5172.7,5183.6, 5528.4 A), and a fourth line (4703.0 A)
was measurable in one star (Pristine_245.8356+13.8777). In Fig. 2.12, a larger scatter can
be seen in the [Mg/Fe] results, though this is similar to the Galactic comparison stars. One
star shows sub-solar [Mg/Fe] by more then (Pristine_251.4082+12.3657). Another star
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Figure 2.13 The spectrum of the Mg lines in the Mg strong star, P181.2243. This
star is compared to Pristine_183.6849+04.8619, which has very similar stellar parameters
(T 6450, log(g) 4, [Fe/H] -3.2), but is Mg normal.
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has high [Mg/Fe], 06, validated from all three Mglines (Pristine_181.2243+07.4160),
also shown in Fig 2.13.

2.5.2 U-elements

The calcium abundances are determined from 1-9 lines of CThe [Ca/Fe] abundances

are in good agreement with each other, and with the Galactic comparison stars, as seen in
Fig. 2.12. The same star with low [Mg/Fe] (Pristine_251.4082+12.3657) also has a very
low [Ca/Fe] upper limit. This star is discussed further in Section 6.2.

Titanium has been determined from 1-9 lines of and 2-11 lines of Tii. When both
are unavailable, upper limits are determined from twa Tines (which provide stronger
constraints than the Tifeatures). In Fig. 2.12, the unweighted average results off&]
and [Tiii/Fe] are shown.

NLTE corrections haveot been incorporated for Mg, Ca, or Ti because they tend to
be small to negligible (  0+1 dex) according to the INSPECT database (forilVignd
Mashonkina et al. (2017d, for @a For Tii, three lines (4981.7, 4991.1, 4999.5 A)
are available in the INSPECT database, which suggests large corrections05 dex.
However NLTE corrections for the same lines from Sitnova et al. (2016), using a model atom
that includes important high excitation levels ofi,Tare signi cantly smaller, | 02
dex. NLTE corrections should be included, but most of our stars have Ti i to within
1f (our measurement errors) in LTE. Therefore, for this analysis, where the maximum
SNR per star is 30, we do not include the small NLTE corrections, and note that the
good agreement with the Galactic comparison stars and Ti ionization balance furthers our
con dence in the stellar parameters from the Bayesian inference method.

No oxygen abundances or upper limits were determined since the [O1] 6300 and 6363 A
lines are weak and in a region that is poorly cleaned of telluric contaminants.

2.5.3 0Odd elements

Odd elements, Na and Sc, are listed in Table D.4. These have di erent nucleosynthetic
sources and are not related to one another. We also include a comment on Li upper limits
at the end of this section.

In metal-poor stars, sodium typically forms with thieelements during core collapse
SN. On the other hand, scandium forms in the iron core of a massive star with a yield that
strongly depends on the proton-to-neutron rati@)(Mand it is very sensitive to neutrino
processes (e.g., Woosley et al., 2002; Curtis et al., 2019).
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Figure 2.14 Na and Sc abundances and upper limits in the 28 new metal-poor stars ([Fe/H]
Y 2¢5); symbols the same as in Fig. 2.11. NLTE corrections for Na have been applied
from INSPECT (Amarsi et al., 2016).
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Sodium abundances are initially from the LTE analysis of the Ndines (5889.9,
5895.9 A), which unfortunately can be strong, therefore sensitive to microturbulence in a
1D LTE analysis, and also contaminated by interstellar Na. Furthermore, since they originate
from the Na ground state, they are subject to NLTE e ects. NLTE corrections are similar
between the INSPECT database and Mashonkina et al. (2017b); [NagH[Na/H] e ,

Na, where Na = 0<l1to 06 dex. The Na subordinate line (5688.2 A) could only be
used for upper limit estimates at the SNR of our spectra.

Despite the large NLTE corrections, four stars were found with initially very high Na
abundances (Pristine_251.4082+12.3657, Pristine_193.8390+11.4150, Pristine_217.5786+14.0:
and Pristine_250.6963+08.3743, in order of decreasing metallicity). These four stars also
have the lowest radial velocities in our sample (-5, +4, -16, and -4 kmis order of
decreasing metallicity), and we suggest they are contaminated by the interstellar Na lines.
To test this, their NaD line shapes were compared with other spectral lines in the same
stars and found to be slightly broader (occassionally, the line core is even split); their Na
D line shapes are also broader than similar stars with higher radial velocities (where the
interstellar lines are often seen o set from the stellar lines). Thus, in Fig. 2.14, the highest
Na abundances are noted as upper limits only since they are most likely blended, and for
the other stars the NLTE corrected Na abundances are shown.

Scii has been measured from 1-3 lines (5031.0, 5526.8, 5657.9 A) in ve metal-poor
Pristinestars, and the comparison star HD 122563, and upper limits were determined in the
others. With an odd number of nucleons, this species undergoes strong hyper ne splitting,
which a ects line formation through de-saturation. The HFS corrections were found to
be small {f 0+1). Upper limits have also been determined foriiSa most of the other
new metal-poor stars. Upper limits were examined foriNs well, but did not provide
interesting constraints.

Lastly, we mention Li in this section. Estimates from thd 6i707 A line provide
upper limits that do not provide meaningful constraints, i.e., the upper limits are above
the standard Big Bang nucleosynthesis value of A(Li) = 2.7 (e.g., from WMAP, Spergel
et al., 2003). Only two stars (Pristine_229.1219+00.9089 and Pristine_237.8246+10.1426)
have 3 equivalent width (35 mA) upper limits of A(Li) 2¢2, which is similar to most
metal-poor stars that lie on (or below) the Spite Plateau (e.g., see Aguado et al., 2019a;
Bonifacio et al., 2018).
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Figure 2.15 Ba and Y abundances and upper limits in the 28 new metal-poor stars ([Fe/H]
Y 25); symbols the same as in Fig. 2.11 with the exception of the Galactic comparison
stars from Roederer et al. (2014, small grey points). We identify one star nearf~e2j
(Pristine_214.5556+07.4669) as an r-process rich star, signi cantly enriched in both Y and
Ba.
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2.5.4 Heavy elements

Abundances for the neutron-capture elements Y and Ba in the 28 new very metal-poor stars
are listed in Table D.3. Up to four lines of Bg4554.0, 5853.7, 6141.7, and 6496.9 A) and

two lines of Yii (4883.7, 4990.1 A) could be measured. Unfortunately no lines or useful
upper limits for Eu are available in our CFHT spectra. When no lines were observable, we
determined upper limits fromf3minimum equivalent width estimates. Hyper ne splitting

and the isotopic splitting has been included in the Ba analysis. Most stars have [Ba/Fe] in
good agreement with the Galactic comparison stars.

All six lines were measured in only one star near [Fe/HR5 (Pristine_214.5555+07.4670).
This star is enriched in both Y and Ba, and we identify it as an r-process rich star. Without
Eu, it cannot be further classi ed as r-1 or r-1l (Christlieb et al., 2004; Sakari et al., 2018a).
Studies of r-process rich stars have found a nearly identical main r-process pattern (from
barium, A=56, to hafnium, A=72) in all types of stars, in all environments, and with varia-
tions only between the lightest and heaviest elements (see Roederer et al., 2010; Hill et al.,
2017; Sakari et al., 2018b, and references therein). No other elements stand out in this star;
however, as one of the hotter turn-o stars in our sample, there are not many other features
or elements to analyse at the SNR of our spectra.

Two more stars show [Ba/R&}0.5 (Pristine_237.8246 +10.1426, Pristine_210.0166+14.6289).
These lie above the typical [Ba/Fe] values found in the Galactic halo metal-poor stars by
Roederer et al. (2014), and their results are securely derived from 2 # 4ilBameasure-
ments. However, no ¥ lines were observed in either (and thei Yupper limits do not
provide useful constraints). The two may be moderately r-process enriched stars.

Possibly of greater interest are the two most Ba-poor stars (Pristine_181.4395+01.6294
and Pristine_193.8390+11.4150). Low Ba is very unusual at their metallicities when
compared with the other Galactic halo stars, as seen in Fig. 2.15. This composition is
similar to stars in the Segue 1 and Hercules ultra faint dwarf (UFD) galaxies (Frebel et al.,
2014; Koch et al., 2013). In Segue 1, the Ba-poor stars were discussed as representative of
inhomogeneous enrichment by a single (or few) supernova events, and therefore possibly
related to rst stars. Higher SNR data for these two stars is warranted in order to test this
hypothesis.

Finally, one star (Pristine_245.8356+13.8777) shows a higlabundance, but normal
Baii abundance. A similar star was recently studied by Ca au et al. (2019, J0222-0313),
where the authors show it is a CEMP-s star, having undergone mass transfer in a binary
system with an Asymptotic Giant Branch (AGB) star. However, they also suggest that the
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Figure 2.16 The HRD for the 70 metal-poor candidates irPthstine survey, colour-coded

by their ("Quick Six") metallicities [Fe/H]s as determined from our high resolution CFHT
ESPaDONS spectrum and Bayesian inference analysis. Stars that are not very metal-poor,
with [Fe/H]; 2¢O, are located over all stellar parameters.

AGB star in this system may have undergone a proton ingestion event just before the mass
transfer that produced an enhancement in only the rst s-process peak elements.

2.5.5 Abundance uncertainties

Total uncertainties in the chemical abundances are a combination of the measurement
uncertainties and systematic errors in the stellar parameters, added in quadrature. For the
measurement errors, when fewer than 4 lines are available for an element X, then we adopt
the larger off (X) or f (Fei)/sqrt(N. ). Since Fe lines are measured across the entire
spectrum and over a range of equivalent widths and excitation potentials, then this assumes
thatf (Fei) captures the minimum measurement quality of our spectra. For the systematic
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errors, due to uncertainties in the stellar parameters, we determine the impactldf the
changes in temperature, gravity, and metallicity listed in Table D.2.

A sample of the systematic uncertainties for three stars that cover the parameter space of
this sample are shown in Table D.6. It can be seen that temperature tends to be the dominant
systematic error in the analysis of most elements. While we could further investigate the
impact of the nal metallicities [Fe/H] and uncertaintiég[Fe/H]) through iterations in
the Bayesian inference method on the model atmospheres parameters, we did not; the only
stars that we follow up in detail are those that did prove to be very metal-poor, therefore the
impact of adjusting for the nal metallicities on the other stellar parameters is very small.

2.6 Discussion

A total of 70 (out of 115) bright, metal-poor candidates have been observed with the CFHT
ESPaDONS spectrograph from the original footprirt@00 sqg deg) of th€ristinesurvey.

These targets were selected to have a high probabilily for [Fad#k Y 25, when the
Pristine CaHK Iter was calibrated with the SDSS g-i and g-r colours (60 stars), or only
the SDSS g-r colour alone (10 stars). We carry out a model atmospheres analysis by
adopting stellar parameters determined from a Bayesian inference method that uses the
SDSS colours, Gaia DR2 parallaxes, and MESA/MIST isochrones, assuming the initial
Pristine survey metallicities. Out of these 70 selected stars, we have found 28 to indeed
have low metallicities, [Fe/H] 2¢5 (40%). ThePristine survey had also predicted 27
stars would have [Fe/H] 3+0, and 5 were found (19%). Of the 42 remaining stai2$ Y
[Fe/Hlgs Y , 0-25), there are no obvious relationships with any other stellar parameters
(e.g., see Fig. 2.16), although we notice that all of the candidates on the upper red giant
branch were successfully selected and con rmed to be metal-poor stars.

The selections made in this chapter di er from those used by Youakim et al. (2017) and
Aguado etal. (2019), see Section 2.2, being far more strict in the metal-poor probability cuts.
Furthermore, about 1/3 of the targets in this program were observed before the selection
criteria were nalized. Nevertheless, our success rates are very similar to the results from
the medium resolution surveys. We do not reproduce the (lower) success rates for bright
stars seen in earlid?ristine survey papers (Ca au et al., 2017; Bonifacio et al., 2019a),
partially due to our improved (more strict) selection criteria, partially due to di erences
between the SDSS and APASS photometry, and possibly due to the larger number of stars
in this sample.

In the remainder of this Discussion, | examine the kinematic and orbital properties
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of the 70 metal-poor candidates in this chapter, and correlate those with their chemical
abundances. | caution that these calculations and our interpretations are highly dependent
on the accuracy of the adopted Milky Way potential (described in the next section). For
example, our orbit integrations do not account for e ects like the Galactic bar, which can
signi cantly in uence halo star orbits (e.g., Price-Whelan et al., 2016; Hattori et al., 2016;
Pearson et al., 2017).

2.6.1 Kinematics and Orbits

Galactocentric velocities (U, V, W) are calculated for each star from their Galactic Cartesian
coordinates (X,Y,Z) following the methods of Bird et al. (2019). The distance between the
Sun and the Galactic centre is taken to be 8.0 kpc, the Local Standard of Rest circular
velocity is Veire = 239 kms?, and the peculiar motion of the Sun isq8 11.10 kms?;

Vo, Ve = 251.24 kmst; Wp = 7.25 kms?, as described in Schénrich et al. (2010).
The sign of | is changed so that U is positive towards the Galactic anticentre. Errors in
these velocities are propagated from the uncertainties in proper motion, radial velocities,
and distance by calculating the mean dispersions from 1000 Monte-Carlo realisations, and
selecting from a Gaussian distribution in each of the original quantities.

With the distances from the Bayesian inference analjsecision radial velocities
from our high resolution spectra, and proper motions from the Gaia DR2 database, then the
orbital parameters for the sample are calculated using the Galpy package (Bovy, 2015). The
MWHPotentiall4s adopted, a Milky Way gravitational potential composed of a power-law,
exponentially cuto bulge, Miyamoto Nagai Potential disk, and Navarro et al. (1997) dark
matter halo. A more massive halo is chosen following Sestito et al. (2019), with a mass
of of 1.2 x 10 M which is more compatible with the value from Bland-Hawthorn &
Gerhard (2016).

The UVW velocities for the 70 highly probable metal-poor stars in this sample are
given in Table D.7. The Toomre diagram for these objects are shown in Fig. 2.17, colour-
coded by the [Fe/H]s metallicities. Most of the metal-poor stars in our sample have
halo-like velocities, as expected for their metallicities. One very metal-poor star (Pris-
tine_183.6849+04.8619, discussed below) appears to have disk-like dynamics.

1For three stars, we reverted back to distances from their 1/parallax values based on unrealistical outer
halo distances and other orbital properties. Two of these stars were discussed at the end of Section 2.4.1, and
a third star is discussed in Appendix A
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Figure 2.17 Toomre diagram for the 70 highly probable metal-poor stars iRastine
survey sample. Dashed line represents stars potentially with disk dynamjgs<\239
kms 1). Symbols the same as in Fig. 2.18. Units are in km's



57

2.6.2 Orbit Analyses

To investigate the relationships between the chemical and kinematic properties of the stars
in our sample, we examine their maximum excursions. This includes the apocentric and
pericentric distances dgoand Ryeri), perpendicular distance from the Galactic plang4d,
and eccentricity (e) of the derived orbits; see Table D.7.

In Fig. 2.18, stars with B, Y 15kpc and Zhax Y 3kpc are considered to be con ned to
the Galactic plane (16 stars), while stars withy§3 30kpc are considered to be members
of the outer halo (10 stars). The outer halo star Pristine_251.4082+12.3657 has the largest
" apo distance in our sample, with a highly eccentric orbit, and it is one of the most metal
poor stars ([Fe/H]=3+3), with low abundances of [Mg/Fe] and [Ca/Fe] (see Fig. 2.12), and
also low [Ba/Fe]. This chemical signature is typical of stars in or accreted from the nearby
dwarf galaxies. Alternatively, it may have been accreted fromlaa faint dwarf galaxy,
since its chemistry is also similar to the unique stars CS 29498-043 and CS 29249-037 (Aoki
et al., 2002; Depagne et al., 2002), both near [Fe/H}. These stars have been proposed
to be second-generation stars, that formed from gas enriched by a massive Population I
rst star, exploding as a fall-back supernova (see also Frebel et al., 2019), and as such they
would have formed in a now accretalra faint dwarf galaxy.

In Fig. 2.19, only stars with o Y 30kpc are shown. Clearly, most of the stars con ned
to the Galactic plane (Zax Y 3 kpc) are the relatively metal-rich (interloping) stars in our
sample. However, one of the most metal-poor stars (Pristine_183.6849+04.8619, [Fe/H]
= 3el) is also con ned to the Galactic plane with a nearly circular orbit (e=0.3). This was
also seen in the Toomre diagram (Fig. 2.17). A detailed view of the orbit of this star is
shown in Fig. 2.20. Most of the spectral lines in this star are weak and so we were unable to
determine many elemental abundances, only [Mg/Fe]=+0.0314) and [Na/Fe]=018
( 0e17), which are both quite low for a typical halo metal-poor star. Ultra metal-poor stars
([Fe/H]Y 4) have been found on similar quasi-circular and planar orbits by Sestito et al.
(2019), and interpreted as stars that may have been brought in during the early merger phase
of the building blocks of the proto-MW that eventually formed the disk.

Several (8) stars in our sample have orbits that take them deep into the Galactic
bulge (Reri Y 1 kpc). All of these stars are on highly radial orbits j(e 0+8), and
two are very metal-poor; Pristine_250.6963+08.3743 at [Fe/H3*55 003, and Pris-
tine_201.8710+07.1810 at [FeA] 2493 0¢11. While the former star shows typical halo
abundancesin [(Mg,Ca,Ti)/Fe], 0«4 ( 0.4), the latter is clearly challengedlikelements,
[(Na,Mg)/Fe]= 01 ( 0.2). Itisdi cultto discern whether these stars formed in the bulge
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Figure 2.18 Perpendicular distance from the Galactic plapgJd2&and eccentricity (e) of
the orbits vs apocentric distanceaffy for the 70 high probability metal-poor stars in this
chapter. For targets withJ3, Y 15and Znax Y 3 kpc | adopt "star" symbols, for £, Y 30
kpc | adopt circle symbols, and when i 30kpc | adopt square symbols. All targets
are colour-coded by their [Fe/kld metallicities.
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