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Chapter 1

Introduction

1.1 General Scientific Introduction

Measuring the age for a star is one of the most difficult tasks in astronomy. Even getting
an age for our Sun cannot be measured directly, which has been done through radioactive
dating of meteorites. In this work, we calibrate a new method for determining ages of
stars, as well as explore a specific complication that needs to be understood to use another
recent age determination method. Fach of these efforts are tied to requiring a deeper

detailed understanding of how stars evolve.

1.1.1 Stellar Evolution

Once a star is formed, it will go through many stages of evolution including main sequence
(MS), subgiant branch (SGB), red giant branch (RGB), horizontal branch/red clump

(HB/RC), and asymptotic giant branch (AGB). The first stage is the MS phase, this



is where the star will live most of its life burning hydrogen to helium. The length of
time stars stay in this stage is based on the mass of the star. The temperature of
the core is also dependant on the mass which determines the nuclear process is used
to convert hydrogen to helium. The processes are proton-proton (p-p) chains or the
carbon-nitrogen-oxygen (CNO) cycle. In particular, the CNO-cycle is an independent
process, where carbon, nitrogen, and oxygen are used as catalysts, both destroyed and
reformed throughout the process, to convert hydrogen and form helium-4 plus energy
to power the star. The CNO-cycle is sensitive to temperature and depending on the
mass of the star, the core temperature will change, e.g., a more massive star runs hotter.
Hence, stars more massive than the Sun (M > 1.5M, Hansen et al. 2004) have higher
central temperature and their “hydrogen-burning” is predominately due to CNO-cycle,
while lower mass stars are dominated by the p-p chain. When the MS phase ends, the
hydrogen burning stops in the core of the star. At this point the star will “turnoff” the
main sequence, which is referred to as the main sequence turnoff (MSTO).

For low-mass (0.7 < M < 2Mg) and intermediate-mass (2 < M < 9-10M,,) stars,
the first stage off the MS is called the SGB. As the star moves off the MS, the star ceases
to burn hydrogen in the core and the core contracts. During this time, the star has a
hydrogen-burning shell and shell-burning produces more energy than the core during the
MS phase. This causes the luminosity to increase, effective temperature to decrease, and
the convective envelopes expand slightly.

The following stage is the RGB phase. During this phase, the convective envelopes
expand and surface temperatures drop. Now, the carbon and nitrogen created in the stel-

lar interior from the MS phase of the star are brought to the stellar surface via convective



envelopes. These convective envelopes move material from deeper layers of the star to the
surface called dredge-ups. When convective envelope reaches the maximum penetration
depth into the core, it is called the first dredge-up (FDU). Due to this convective mixing,
the stellar atmosphere will display a variation in the chemical composition.

As the star continues to evolve, it will move up the RGB on the Hertzsprung-Russell
diagram (HRD) until it reaches the tip of the RGB. Once at this tip, the star can
experience the “helium flash”, where the core temperature is hot enough to overcome
the Coulomb barrier resulting in helium burning happening all at once within the core.
After the He-flash, these evolved stars will begin to settle together next to the RGB
portion of the HR diagram called the horizontal branch (HB), where the redder portion
is considered the red clump (RC) and sometimes refer to as the “red extremity of the
HB”. This dichotomy between the RC and HB stars is because RC stars are mostly
associated with younger, more metal-rich populations than those associated with HB
stars, although RC stars are more abundant than HB stars (Girardi 2016). The RC is
an important phase in stellar evolution. These evolved stars are on the “helium main
sequence” supported by helium fusion within their core and are found to be slightly
hotter, but of similar luminosity to many RGB stars, which can make them difficult to
separate in older populations.

After He-burning has exhausted, the star will move from the HB and continue up
the AGB. The name AGB comes from the evolutionary track approaching the RGB
asymptotically from the left. The AGB can be thought of as the He-burning-shell analog
to the RGB H-burning-shell. The star now has a carbon-oxygen core and follows similar

steps in evolution as the helium core. There are two shells of burning: (1) He-burning



shell which is dominate and (2) H-burning shell which is nearly inactive. This is a
thermally-unstable configuration and results in thermal pulses. Due to less energy being
produced, the core will contract and heat up causing envelopes to expand and cool, and
convection to begin throughout. Mixing occurs due to the second dredge up inducing
an increase in helium and nitrogen abundances. High radiation pressure in the envelope
will cause strong stellar winds and consequently the star will lose a significant amount of

mass.

1.1.2 Stellar Abundance Analysis Basics

Spectral observations of a star are used to determine the abundance of certain elements
within the photosphere, the “surface” of the star, of the star. This is possible because
in quantum mechanics it is well known that atoms will absorb photons at particular
wavelengths (or energies) and later will release those photons. Applying this knowledge
to the “surface” of the star, photons emitted from the deeper interior of the star are then
absorbed by atoms in the atmosphere of the star, which produce discrete lines in the
spectra. How strong these lines are is determined mostly by the temperature of the star.
The temperature will impact if the atom is ionized or the electron(s) of the atom are
excited to a higher energy level as well as determine which energy levels are primarily
inhabited. The combination of excited and ionized atoms determine which spectral lines
are stronger and more prevalent than others within the stellar spectrum.

To obtain the amount (or abundance) of each element, modeling is needed. A model

stellar atmosphere is created using the fundamental parameters of the star (e.g., effective



temperature; Tog, surface gravity; log g, etc.). This model is then used to determine the
number of atoms needed to generate the correct depth and width of a spectral line being
considered. These elemental abundances are extremely large and are normally expressed
in a ratio of logs. In particular, when reporting the overall metallicity of a star, it is

common to report the Fe-to-H abundance, is defined as:

NFe NFe)
Fe/H] =lo — ) —1lo —
[ / ] glO(NH)* gm(NH S

where the zero point is based on the Sun (denoted ®; e.g., an [Fe/H] = 0 means the
observed star has the same metallicity as the Sun). In the case of large-scale spectroscopic
surveys, they typically use a multidimensional grid for each star. This process identifies a
best fit stellar atmosphere model with a chi-squared goodness-of-fit test. A more detailed

discussion is in §2.1.1.

1.1.3 Surface Abundance Variations

It is normally assumed that the observed stellar surface abundances is relatively constant
and is equivalent to the bulk abundance of the star. This is not always the case. Stars can
have changes in their surface abundance based on internal processes (e.g., stellar mixing
Shetrone et al. 2019) and external processes (e.g., interacting binaries Bufanda et al.
2023). For this section, the focus will be on internal processes, but it well known that
stars interacting with another celestial body can induce surface abundance variations.
Canonical mixing in standard stellar models accounts for convection and overshoot.

An example overshoot is when a convective region extends past the predicted region



based on the convective stability criterion also known as the Schwarzchild criterion.
When canonical mixing is not enough to explain the variation, the term extra-mixing
is introduced as a way to describe unconfirmed source of mixing that is not included
in the standard stellar models. Charbonnel & Lagarde (2010) proposed a theoretical
reasoning to explain extra-mixing of [Li/H], [C/H], [N/H], and C-12/C-13 after the FDU
observed in metal-poor stars (Gratton et al. 2000) to be thermohaline mixing. This
mixing is related to the “salt-fingers instability”, where the Ledoux stability criteria are
satisfied, and is dependant on the inversion of the mean molecular weight gradient which
is hotter for metal-poor stars ([Fe/H| < -0.5) than in metal-rich stars ([Fe/H| > -0.5).
This dependency supports the presences of extra-mixing in metal-poor stars and the lack
of extra-mixing in metal-rich stars. However, this is only one method to explain extra-
mixing, where another processes could be at play, and understanding the underlining
physics in the stellar structures is an active field of research.

Atomic diffusion is another stellar process that affects stars at the main sequence
turnoff (MSTO) and on the SGB, which has been theorized for over a century to operate
in stars (Chapman 1917b;a). This process is a combination of gravitational settling
causing elements to sink below the surface and radiative levitation working against it
thus changing the surface abundance of the star. Over time, the surface abundance no
longer reflects the star’s birth abundance or average abundance, because the elements
have sunk out of the convection zone and are no longer being mixed back to the star’s
surface where we can observe. Once a star’s convective envelope starts to deepen on the
RGB, new elements that have diffused out are mixed back into the envelope, restoring

the surface to “normal” (Michaud et al. 2015). Fortunately this phenomenon, atomic
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diffusion, has been well studied (Michaud et al. 2015, and citations therein) and has
been observed in the globular clusters: M 92 (Boesgaard et al. 1998, King et al. 1998),
NGC 6397 (Korn et al. 2006; 2007), and NGC 6752 (Gruyters et al. 2013; 2014). More
recently, there have also been observations of atomic diffusion in the globular cluster M
4 (Nordlander et al. 2024) and in the open clusters: M 67 (Souto et al. 2019; 2018, Liu
et al. 2019, Bertelli Motta et al. 2018, Gao et al. 2018, Onehag et al. 2014), NGC 2420

(Semenova et al. 2020), and Coma Berenices (Souto et al. 2021).

1.1.4 Large-Area Stellar Abundances Surveys

Large-scale, high-resolution spectroscopic surveys are required for us to reliably explore
detailed stellar abundance variations across the Galaxy. Here, we present large-scale,
high-resolution surveys that are currently available to the astronomical community.

The European Space Agency (ESA) revolutionized the astronomy field by launching
Gaia. This telescope is undergoing a space-based all-sky astrometric and photometric
survey that probes extensive regions of the Galactic disk and provides reliable distances
for over a billion stars. Hundreds of star clusters were discovered (Gaia Collaboration
et al. 2018, Cantat-Gaudin et al. 2018) after the second data release of Gaia, and both
membership and fundamental parameter estimates (distance, age) were improved for over
1800 clusters observed (Cantat-Gaudin et al. 2020).

The GALactic Archaeology with HERMES (GALAH) survey is a large scale and high-
resolution (R ~ 28,000) observational project that provides spectra from the High Effi-

ciency and Resolution Multi-Element Spectrograph (HERMES) at the Anglo-Australian



telescope (AAT). The GALAH survey has high quality spectroscopic data and is able to
measure up to 29 elemental abundances. In a study by Bouma et al. (2021), the authors
used lithium depletion dating as one of their techniques to assess cluster membership
in the open cluster NGC 2516, and found this method to have considerable uncertainty
due to potential K dwarfs that are rapidly rotating, and hence showing elevated lithium
abundances. Additionally, GALAH has been observing a large number of MSTO and
SGB stars for the purpose of measuring stellar ages for these stars to study for Galactic
archaeology:.

Gaia-ESO is a ground-based survey established before the launch of Gaia and is
used to compliment the astrometry and photometry of the space mission by creating
benchmark stars to calibrate Gaia observations. This survey is a large publicly available
spectroscopic survey that provides high-quality spectroscopic data from the Very Large
Telescope (VLT) FLAMES and UVES instruments for 100,000 stars in the Galaxy, both
in the field and in star clusters. Relevant to this work, the FLAMES instrument can
measure over 12 elements in observed stars. For more metal-rich stars, the measured
lithium abundance is used as an age indicator by the Li depletion boundary technique in
open clusters (e.g. Jeffries et al. 2013, Martin et al. 2018).

The Apache Point Observatory Galactic Evolution Experiment (APOGEE), a Sloan
Digital Sky Survey (SDSS) program, is a large sky, high-resolution (R ~ 22.50), infra-
red (1.51 — 1.70 wm) survey that samples major populations in the Milky Way, which
is more fully described in §3.3. APOGEE has the ability to measure over 15 elemental
abundances, which specifically include abundances for carbon, nitrogen, and oxygen, key

elements in the evolution of higher mass stars. Actually, the ratio of [C/N] has been
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found to correlate with age in evolved stars that have experienced dredging (Casali et al.

2019, Spoo et al. 2022).

1.1.5 Star Clusters

A star cluster is a gravitationally bound group of stars that all formed from the same
giant gas cloud. Since the whole cluster is formed from one giant gas cloud, the stars
within the cluster all form with essentially identical elemental abundances and kinematic
properties. Due to the stars possessing similar properties, astronomers can use these
properties to infer information about the age of a cluster and the stellar populations
within them by creating a Hertzsprung-Russel diagram (HRD), Kiel diagram (T, vs.
logg), or a Color-Magnitude diagram (CMD), shown in Figure 1.1. Star clusters are useful
because they provided the first data to constrain models and study stellar evolution, as
well as, can be useful probes for age-dating parts of our Galaxy. Star clusters fall into

two types: open clusters and globular clusters.

of

6500 6000 5500 5000 4500 4000 3500 3000 2500 0.0 0.2
Terr

Figure 1.1: (left) An example of an Kiel Diagram (T.ss vs. logg). (right) An example
of a CMD.

Open clusters are typically smaller containing anywhere from a few dozen stars to a



few ten-thousands of stars and are typically not very densely packed, hence the name
“open”, but are gravitationally bound. These clusters are “young” (less than 10 Gyr)
and metal-rich (—0.5 < [Fe/H] < +0.4 dex). Also, they generally live in the disk of our
Galaxy and are sometimes called disk clusters.

Globular clusters are typically larger, containing several thousand to around millions
of stars that live within a densely packed spherical, gravitationally-bound system. These
clusters are considered stellar “dinosaurs” as they survived for billions of years, with
some clusters approaching the age of the Universe. The metallicity of these clusters are
considered to be metal-poor (—2.5 < [Fe/H] < —0.7 dex). They are mostly associated
with the bulge and halo, or inner-most and outer-most parts of the Milky Way, but they

do live throughout our Galaxy.

1.2 Motivation & Age Determination Methods

To understand how the Milky Way formed and evolved, we need to be able to age-date
a large number of stars covering a wide range of ages and chemistry. To do this, we need
to be able to determine the ages of “field” stars, non-cluster member stars. However,
stellar ages are difficult to measure accurately outside of clusters. A common method
to determine stellar ages is to compare key parameters, whether directly observed (e.g.,
colors and apparent magnitudes, the latter combined with parallaxes) or directly inferred
(e.g., log g, Tog), to stellar evolution models which allow accurate relative aging of stars,
but is complicated due to degeneracies in these parameters caused by chemical differences.

As large-scale surveys are completed, astronomers are able to further investigate

10



Galactic evolution, both kinematically and chemically. Surveys that use high-resolution
spectroscopic data can provide chemical abundances for various elements in stellar popu-
lations including clusters. These elemental abundances can be used to further constrain
stellar ages using key diagnostics, such as [C/N] abundances and Li-depletion. Since
the ESA Gaia survey can provide accurate parallaxes, and thus distances, this opens an
opportunity to use subgiants in the field as age-probes. Combining spectroscopic surveys
with high-precision photometry to measure small fluctuations, stellar masses, and hence
ages, can be determined asteroseismically. With all these large-sky surveys available and

becoming available, arises a new and exciting era of Galactic archaeology.

1.2.1 Cluster Ages

We can create stellar models that provide astronomers with relative, and hopefully, abso-
lute, ages for stars since stellar evolution is derived from star clusters. The age of cluster
can be determined by measuring the position of the main sequence turnoff (MSTO) or
the strength of the SGB. Since clusters contain stars that all formed at the same time
and higher-mass stars evolve faster than lower-mass stars, the difference in mass creates
noticeable variations in the HRD or CMD. Specifically as the cluster gets older, stars of
lower masses transition from MS to the RGB, and the MSTO will “move down” the MS,
becoming dimmer and cooler, as shown in Figure 1.2. Hence, star clusters have been

used as the primary source for reliable age indicators.
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1.2.2 Sub-giant Branch Location Ages

An interesting age indicator is the location of the sub-giant branch, as stars with masses
less than 2-2.5M that have longer enough evolutionary time scales to allow the sub-
giant branch to form. As stellar ages increase the sub-giant branch stars will have a
lower luminosity similar to the age variation of MSTO.

Since Gaia released precise parallaxes, and therefore good distances, allowing reliable
absolute magnitude determining is possible for a large number of stars, in particularly
sub-giants. These stars can then be compared to isochrones as the sub-giant branches
runs parallel to each other over time as it grows fainter, see Figure 1.3. This method has

allure as sub-giants are relatively bright so they can be used as a deeper probe without

-8 T T T T

=B |

Absolute Visual Magnitude

-4 0 4 8 12 16 20
Color Index (B-V)

Figure 1.2: Figure 1 of Sandage (1957). The CMD is comprised of multiple stars clusters,
with varied ages, mapped over top each other. This shows how the MSTO will “move
down” the MS with age.
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using too much time, but stellar evolution might leave this method at a disadvantage,

see Chapter 3.

1.2.3 Chemical Clocks

As more large-scale spectroscopic surveys, such as APOGEE, Gaia-ESO, GALAH, be-
come more available, a promising method for determining reliable ages for field stars is
using “chemical clocks”. While astronomers have long identified that most elemental
abundances increase with time due to supernovae enrichment, e.g., iron, a true chemical
clock is an elemental abundance, or abundance ratio, that closely correlates with age,
preferably independent of the stars overall “metallicity”. Recent large-scale spectroscopic
surveys, which provide a large number of chemical abundances measurements for hun-

dreds of thousands of stars, make it more feasible to apply “chemical clocks” for a large

log L/L,

4.1 4 3.9 3.8 3.7 3.6 4.4 4.2 4 3.8 3.6

log T
a) 08 legr b)

Figure 1.3: Figure 2 panels a and b of Girardi et al. (2000). The HRD is comprised of
multiple isochrones as a function of mass. The stellar mass (in M) is indicated at the
initial point of the evolution. This shows as the mass is decreased (and the age increases)
the strength of the SBG decreases. Notice as well how the SGB runs almost parallel to
each other with age.
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number of stars within the MW, as doing spectroscopic observations are normally time-
expensive. Of the potential “chemical clocks” available, astronomers have significant

work with calibrating three: Li-depletion, [s-process/a], and [C/N].

1.2.3.1 Li-Depletion

When the Big Bang occurred, trace amounts of lithium were created alongside hydrogen
and helium, constrained by the results of big bang nucleosysthesis. Unlike most elements
lighter than iron, lithium is easily nuclear burned within a star and not formed, so what
trace the amount of lithium that is left after being processed can indicate the age of the
star. The less lithium the star has the older the star should be. This relationship has
been shown in many studies (Jeffries et al. 2013, Martin et al. 2018, Bouma et al. 2021) to
age stars within open clusters. This method only works for stars in their main sequence
stage, as once the star evolves to its red-giant phase the first dredge-up and other mixing
events will burn the remaining lithium on the surface, thereby breaking the relationship
between the lithium and the star’s age. This restricts the method to only main sequence
stars which are fainter, and therefore not ideal targets for large-scale surveys with limited

observational time.

1.2.3.2 s-Process to Alpha Element Abundances

Due to how elements build overtime, different element abundance groups within the star
will be different depending on age. Elements referred to as s-process elements are those
formed through a process called “slow” neutron capture. This nucleosynthesis process

happens with lower neutron density and intermediate stellar temperatures. Under these
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conditions, the rate of acquiring neutrons is slower than the rate of radioactive decay to
a more stable isotope. Elements that are referred to as alpha elements («) are those that
are integer multiples of an alpha particle, two protons and two neutrons that comprise
the nucleus of a helium atom, that are produced in high-mass star nucleosynthesis, which
include the elements: O, Ne, Mg, Si, S, Ar, Ca, and Ti.

When observing younger stars, s-process elements will increase, while the alpha el-
ements will decrease. Using the right combination of elements from these two subcate-
gories can lead to a relationship with age. For example, Viscasillas Vézquez et al. (2022)
found [Ba/a] ratios are more sensitive to age than [Y/«] ratios, where specifically ratio
of [Ba/Al] was able to reproduce ages for individual stars within open clusters in their
sample. This method can be utilized on both dwarf and giant stars which would be ideal
for large scale surveys.

While this is fascinating, this particular chemical clock is still an on going field of
research where the applications and limitations are not yet fully understood. For example,
[s-process/a| chemical clocks have been shown by Casali et al. (2020) to have yield
variation, which affects inferred ages of stars in the inner Galaxy. Additionally, the [s-
process/a| method requires a large signal-to-noise (S/N) to reliable measure s-process
elements effectively which requires more observational time. Due to the combination of
being time expensive and the uncertainty of which [s-process/a] is best for large portion

of the Galaxy makes this chemical clock less ideal as an age-probe at this time.
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1.2.3.3 Carbon-to-Nitrogen ([C/N]) Element Abundances

During the main sequence evolutionary stage, stars burn hydrogen into helium in their
core in two main ways: proton-proton chains or the CNO cycle. Stars with the CNO
cycle have carbon (C), nitrogen (N), and oxygen (O) as catalysts to fuse hydrogen to
helium. When the stars reach the end of their hydrogen fuel the star will begin to evolve
into its red giant phase. During this transition, convective envelopes of the outer regions
of the star will penetrate deeper into the star’s core where the previously processed C
and N are dredged to the surface where it can now be observed. When these envelopes
reach maximum penetration depth this is called the first dredge up (FDU). The max
depth is determined by the mass of that star and from the stellar theory we know the
mass and stellar age are closely related, hence the ratio of C and N ([C/N]) observed in
the surface can be used to determine age. This chemical clock is applicable to evolve red
giants and has been empirically shown in previous studies, such as Casali et al. (2019)
and Spoo et al. (2022). Being able to use RGB stars is ideal for large-scale surveys as

they are bright and can be observed for less time than MS stars.

1.2.4 Asteroseismic Ages

A relatively recent method that is highly regarded, is using asteroseimology to determine
stellar ages. Asterosiemic ages use a combination of spectroscopic and high-precision
photometry to measure frequency modes in stars that are dependant on the structure,
and therefore mass of the star. As mass correlates to age for stars, one can derive ages

for stars using astroseismic photometric measurements from NASA missions like Kepler
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and TESS.

Examples of current available astroseismic surveys are APOKASC (Pinsonneault et al.
2018, Pinsonneault et al. in prep.) and APO-K2 (Schonhut-Stasik et al. 2024), which
combine data from the spectroscopic SDSS/APOGEE survey and the photometry from
the NASA Kepler and Kepler-2 missions, respectively. The amount of stars within these
surveys are not sufficient enough to apply to full scale of the Galaxy as they are limited

to certain regions observed by Kepler as shown in Figure 1.4.

Galactic Latitude (Degree)

150 100 50 0 -50 -100  -150
Galactic Longitude (Degree)

Figure 1.4: Figure 6 of Schonhut-Stasik et al. (2024). A Galactic observation map of the
NASA Kepler and K2 missions. The singular Kepler observation field is label as Kepler.
The K2 mission observation fields are labeled with a ‘C’ and number following an S-like

curve.

1.3 Scientific Question

In Galactic archeology, astronomers want to understand how the Milky Way formed and
evolved. To be able to “time-stamp” events in chronological order, we need a reliable

method to age-date large numbers of stars. Currently, the most reliable method is ages
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from star clusters, but clusters are limited in location and number.

A useful tool to expand age-dating capabilities is chemical clocks: chemical abun-
dances that are linked to stellar ages. Currently, the [C/N]-Age relationship from Spoo
et al. (2022) is restricted to the metal-rich disk of the Galaxy. This is only a one por-
tion of our Galaxy and for us to gain better insight into the full picture of the Milky
Way’s evolution, we need to be able to probe older and more metal-poor regions. Which
raises the question: can we use the older, more metal-poor globular clusters to expand
our relationship further?

While these chemical changes help us to estimate ages on the RGB, chemical changes
can also hinder age estimations in other parts of the HRD. On the MS, MSTO, and SGB,
the surface abundances of a star changes from a combination of gravitational settling
and radiative levitation working against it, a process known as atomic diffusion. In this
case, the surface abundance is not an accurate prediction of the bulk abundances that
determine the stellar age. Recent studies suggest that this effect is not negligible, and in
fact the ages derived from isochrones can be overestimated by 10-20% if atomic diffusion is
not accounted for (Dotter et al. 2017). Therefore, as we look for other methods to use on
field stars as age-probes for the Galaxy, are there going to be evolutionary complications

we need to account for?
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Chapter 2

[C/N]-Age Calibration Extension for

Metal-Poor Stars

2.1 SDSS/APOGEE Survey

The study makes use of the Apache Point Observatory Galactic Evolution Experiment
surveys (APOGEE-1 & -2; Majewski et al. 2017, Majewski et al., in prep) which were
part of the Sloan Digital Sky Survey III & IV (Eisenstein et al. 2011, Blanton et al. 2017).
Data was taken with the 2.5-m Sloan Foundation Telescope (Gunn et al. 2006) at the
Apache Point Observatory and the 2.5-m du Pont telescope (Bowen & Vaughan 1973)
at the Las Campanas Observatory, using the APOGEE North and South spectrographs
(Wilson et al. 2019), conducted between May 2011 and January 2021. APOGEE Target
selection is described in Zasowski et al. (2013; 2017), Beaton et al. (2021), and Santana

et al. (2021), with open cluster targeting also detailed in Frinchaboy et al. (2013) and
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Donor et al. (2018).

The data used in this study uses the APOGEE reduction pipeline (Nidever et al.
2015) and the Stellar Parameters and Chemical Abundances Pipeline (ASPCAP; Garcia
Pérez et al. 2016), which employ the Stellar Atmosphere Models (Mészaros et al. 2012),
Stellar Spectral Libraries (Zamora et al. 2015), and the APOGEE line-list (Shetrone et al.
2015). The APOGEE Stellar Parameters and Chemical Abundances Pipeline (ASPCAP;
Garcia Pérez et al. 2016) reports stellar parameters and chemical abundances for 20+
elements, including carbon and nitrogen, that are difficult to measure in optical spectra.
APOGEE is uniquely suited for this project because this survey reliably measures C, N,

and O abundances, allowing accurate [C/N] ratios to be calculated.

2.1.1 SDSS/APOGEE Survey DR17

In this work, we use the final data release of the APOGEE-2 survey available from
SDSS-IV Data Release (DR17; Abdurro’uf et al. 2022), including all APOGEE obser-
vations from August 2011 to January 2021 and has ~ 734,000 stars. A full description
of data quality and parameter limitations for the APOGEE DRI17 is described in Ab-
durro’uf et al. (2022) and Holtzman et al., in prep. The primary release for APOGEE
DR17 has changed the ASPCAP analysis code compared to previous data releases, be-
cause the library of synthetic spectra was calculated using Synspec code, which allows
for non-local thermodynamic equilibrium (NLTE) line formation while assuming a plane
parallel geometry, which becomes less valid for the largest giant stars. Where all pre-

vious APOGEE data releases used the Turbospectrom code (Plez 2012) which assumes
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spherical geometry, but does not account for NLTE affected elements.

2.1.2 APOGEE-RC Catalog

This work uses data to verify red clump stars using the APOGEE-RC catalog (Bovy
et al. 2014, Bovy et al., in prep) based on the APOGEE survey. The APOGEE RC
catalog includes ~ 51,000 likely RC stars, determined by the stellar position in color-
metallicity—surface-gravity—effective-temperature space based on a method calibrated us-
ing stellar evolution models and asteroseismology data. Because RC stars are nearly con-
stant in luminosity, they can be used as standard candles and the APOGEE-RC catalog
has been used for numerous studies of the Milky Way (e.g., Nidever et al. 2014, Hayden
et al. 2015, Loebman et al. 2016). For this work, we utilize the ability to isolate stars in

the RGB and RC evolutionary states.

2.1.3 Price-Whelan et al. (2020) Catalog

This work uses data as additional verification if stars are in close binary systems using
the Price-Whelan et al. (2020) value added catalog (VAC) based on the APOGEE survey.
This catalog includes 232,495 sources, determined by their custom Monte Carlo sampler
called The Joker through radial velocities. Stars within a binary system can interact with
each other, which can cause the surface abundance to change. For this work, we utilize
this ability to flag stars that are binaries, as these binary systems may be determined to

be older than the Universe through [C/N]-Age relationship.
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2.1.4 Patton et al. (2024) Catalog

This work uses data the Patton et al. (2024) catalog based on the APOGEE survey to
verify rapidly rotating giants. This catalog includes 3217 active red giant candidates, de-
termined by using a control sample of well-studied Kepler fields to establish a relationship
between rotation and anomalies in the spectroscopic solution compared to a typical giant.
(Typical giants should have near zero rotation due to conservation of angular momentum
when the star “puffs out” during stellar evolution.) With this relationship, Patton et al.
(2024) found stars within the APOGEE survey with similar solutions to be considered
candidates than the vsini measurements we use to confirm. For this work, we utilize this
ability to flag stars that are rapidly rotating for stars that may be determined to be older
than the Universe through [C/N]-Age relationship. Having this flag gives an explanation
for such large determined ages, because (1) this is a sign the star has interacted with
another object which could have changed the surface abundance, or (2) have wider lines
due to rotation, which would affect the determined abundance values from the APOGEE
pipeline, since the pipeline assumes giants do not rotate due to conservation of angular

momentum.

2.2 The ESA Gaia Survey

The ESA Gaia mission is a space-based all-sky astrometric and photometric survey that
probes extensive regions of the Galactic disk. Hundreds of star clusters were discovered
(Gaia Collaboration et al. 2018, Cantat-Gaudin et al. 2018) after the second data release

of Gaia, and both membership and fundamental parameter estimates (distance, age)
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were improved for over 1800 clusters observed (Cantat-Gaudin et al. 2020). Gaia (EDR3;
Riello et al. 2021) was released on 3 December 2020. Gaia Data Release 3 (Gaia DR3)

was released on 13 June 2022.

2.2.1 The Cantat-Gaudin et al. (2020) Catalog

Cantat-Gaudin et al. (2020) used the Gaia DR2 catalog of ~ 1.3 billion stars with proper
motions, parallaxes, and deep homogeneous photometric data to provide one of the first
precision all-sky analysis of open clusters in the Milky Way. The data is then used in
their artificial neural network to estimate age, distance, and interstellar reddening for

about 230,000 stars in 2017 star clusters.

2.3 The ACS Survey of Galactic Globular Clusters

We have used the ACS Survey of Galactic globular clusters (Wagner-Kaiser et al. 2017)
to provide ages for our globular cluster sample in this work. This survey is comprised
of 69 clusters and uses data from Hubble Space telescope imaging for the ACS Treasury
Survey to determine single population isochrones. The fits use robust Bayesian analysis

techniques to measure absorptions, ages, distances, and He-values for each cluster.

2.4 Analysis

To obtain a more complete picture of the older part of the Milky Way (e.g., bulge, streams,

and halo) through the chemical clock [C/N], we need to expand our calibration sample to
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include the older and more metal poor stars where good ages can be derived, i.e., globular
clusters. Since globular clusters are among the oldest objects in our Universe, they
provide a snapshot into the early stages of our Milky Way. However, stepping forward
with utilizing globular clusters in our calibration introduces an added layer of complexity
due to their cluster characteristics such as low metal content and many having multiple
populations of stars, plus lower-mass stars can have additional evolutionary chemical
changes.

In Shetrone et al. (2019), it was found that stars more metal poor than [Fe/H] ~ —0.5
will experience extra-mixing along the RGB; this extra-mixing can be significant enough
that the link between [C/N] and age may change. To exclude the effects of extra-mixing,
additional cuts must be made in surface gravity to select stars that have experienced
the first dredge up (FDU) but have not undergone any further extra mixing. This extra
mixing happens to occur near the red bump phase (Fraser et al. 2022, Tayar & Joyce
2022) and hence, the surface gravity cuts would be right before this evolutionary phase.

Unlike open clusters, many globular clusters have more than one population of stars
(e.g., Milone & Marino 2022, and references therein), and therefore we need to be able
to separate the two populations. The first population of stars will have similar chemical
compositions as the Galactic-field stars with analogous metallicity, while second popu-
lations possess peculiar abundances in some light-elements when compared to field stars
due to the unique enrichment history of the cluster. The elemental abundance variation
is found in both RGB stars and MS stars implying the chemical variation is not due to
stellar evolution (Milone & Marino 2022). For light elements such as C, N, O, and Na,

second population stars will be enhanced with N and Na while depleted in C and O when
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compared to the first population. These elements have well-defined relationships such as
the Na-N and C-O correlations and Na-O and C-N anti-correlations found as a prevalent
feature across globular clusters with multiple populations. Another relationship found in
a majority of globular clusters is a correlation between [Al/Fe] and [Na/Fe]. Since these
(anti)correlations exist, we can use them to separate the first population of stars from

the second population of stars within their corresponding chemical spaces.

2.4.1 Globular Cluster Member Selection

To select stars with reliable carbon and nitrogen measurements for our analysis, we fol-
lowed quality cuts outlined in Table 1 of Spoo et al. (2022) for bitwise flags, and signal-
to-noise ratio (SNREV). The globular clusters used in this work were selected because
they were observed in the APOGEE survey, and have reliable ages from Wagner-Kaiser
et al. (2017). Reliable cluster members were determined using the APOGEE member-
ship flag (MEMBER) and from the Gaia based membership probabilities of Vasiliev &
Baumgardt (2021). We only used Vasiliev & Baumgardt (2021) probabilities that were
greater than 0.999. We compared this membership method with methods within Myers
et al. (2022) and Schiavon et al. (2024) and found all three methods obtained the same
stellar membership for all globular cluster used in this work, therefore combining the

Spoo et al. (2022) sample with our globular cluster sample does not lose uniformity.
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2.4.2 Calibration Sample Selection

For us to select stars that are reliable for our calibration extension, we need to obtain
RGB stars from the first stellar population formed in the cluster. First, we selected RGB
stars using a polynomial fit within color-magnitude space, both in Gaia and 2MASS
photometry, and then we applied offsets until it clearly delineated AGB so they could
be rejected, as shown in Figure 2.1. Once the RGB stars are isolated we separated the
populations using known (anti)correlations in chemical space, as shown in Figures 2.2
and 2.3. Next, we removed peculiar enriched stars using [C/N] versus [C+N/Fe] plots to
compare them to halo fields stars with similar [Fe/H] and [Mg/Fe|, as shown in Figure 2.4.
The [C/N] versus [C+N/Fe| selection ensures the selected stars in the calibration best
represents the field star sample for the new relationship to be implemented on. Following
these selections, we applied surface gravity cuts, from Table 2 of Shetrone et al. (2019),
to remove stars that have experienced the FDU but have not undergone extra mixing,
shown in Figure 2.5. After applying this criteria, our globular cluster sample summary
is shown in Table 2.1 which includes: cluster names, cluster ages reported from Wagner-
Kaiser et al. (2017), DR17 average [Fe/H], and DR17 average [C/N] for members stars

with reliable measurements that best represent the field sample7
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members of each cluster. Note the magnitude errors are smaller than the markers. Note

the magnitude errors are smaller than the markers.
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Table 2.1: Cluster Sample

Cluster log Age™™  [Fe/H] [C/N] DR17
name (yr) (dex) (dex) Members
Globular clusters
47 Tucanae 10.13 —0.72 £ 0.01 +40.16 £0.04 6
M 71 10.13 —0.78 £ 0.00 +0.09 4+ 0.04 9
M4 10.11 —1.04 £0.01 +40.00£0.12 7
M5 10.08 —-1.20 £0.01 —-0.13+0.07 9
Open clusters (from Spoo et al. 2022)

Berkeley 17 9.86 —0.18 £ 0.01 —-0.16 = 0.01 8
Berkeley 18 9.64 —0.39 £ 0.01 —-0.33 £ 0.01 18
Berkeley 2 8.77 —0.21 £0.01 —-0.37 &+ 0.05 6
Berkeley 21 9.33 —0.27 £ 0.01 —-0.36 £+ 0.01 3
Berkeley 22 9.39 —0.34 £0.02 —-0.39 £+ 0.12 5)
Berkeley 29 9.49 —0.53 + 0.01 —-0.28 + 0.01 2
Berkeley 31 9.45 —0.43 £0.02 —-0.28 £ 0.00 2
Berkeley 53 8.99 —0.12 + 0.01 —-0.52 £+ 0.02 6
Berkeley 66 9.49 —0.22 £ 0.01 —-0.30 £ 0.01 )
Berkeley 71 8.94 —0.23 £0.00 —-0.52 £+ 0.03 5)
Berkeley 75 9.23 —0.41 £0.01 —-0.50 4+ 0.04 3
Berkeley 85 8.62 +0.06 £ 0.02 —-0.42 £ 0.01 10
Berkeley 98 9.39 —0.04 £0.01 —-0.38 &£ 0.04 5)
Czernik 20 9.22 —0.18 =+ 0.01 —0.40 £+ 0.05 4
Czernik 21 9.41 —0.33 +£ 0.01 —-0.28 £ 0.01 2
Czernik 30 9.46 —0.39 £ 0.00 —-0.35 £ 0.02 2
ESO 211 03 9.11 —0.17 £ 0.01 —0.51 £ 0.02 15
ESO 518 03 9.15 +0.11 £ 0.02 —0.45 £ 0.03 4
FSR 0494 8.95 —0.02 £ 0.01 —-0.51 £+ 0.01 )
FSR 0937 9.08 —0.37 £0.01 —-0.44 £+ 0.03 2
IC 1369 8.46 —0.11 £ 0.02 —-0.56 £ 0.02 3
IC 166 9.12 —0.09 £ 0.01 —-0.49 £+ 0.04 13
King 5 9.01 —0.16 +£ 0.01 —0.46 + 0.01 4
King 7 8.35 —0.16 £ 0.02 —0.37 &= 0.07 7
Melotte 71 8.99 —0.15 £ 0.01 —0.48 + 0.02 3
NGC 1193 9.71 —0.34 £ 0.01 —-0.25 £ 0.03 3
NGC 1245 9.08 —0.09 £ 0.01 —0.48 + 0.02 25
NGC 1798 9.22 —0.28 + 0.01 —-0.43 £+ 0.02 10
NGC 1817 9.05 —0.16 £ 0.01 —-0.40 £ 0.04 5
NGC 1857 8.40 —0.18 £ 0.00 —-0.41 + 0.01 2

Continued on next page
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Table 2.1 — Continued

Cluster log Age™™  [Fe/H] [C/N] DR17

name (yr) (dex) (dex) Members
NGC 188 9.85 +0.06 &= 0.00 —0.24 + 0.01 32
NGC 1907 8.77 —0.13 £ 0.00 —0.51 4+ 0.05 3
NGC 1912 8.47 —0.17 £ 0.01 —0.44 4+ 0.02 2
NGC 2158 9.19 —0.25 £ 0.00 —0.34 4+ 0.01 41
NGC 2204 9.32 —0.28 &£ 0.01 —0.42 4+ 0.02 20
NGC 2243 9.64 —0.46 + 0.01 —0.34 + 0.04 6
NGC 2304 8.96 —0.14 + 0.01 —0.40 4+ 0.01 2
NGC 2324 8.73 —0.22 £ 0.01 —-0.52 = 0.04 4
NGC 2420 9.24 —0.20 £ 0.01 —0.34 £+ 0.01 16
NGC 2447 8.76 —0.11 £ 0.01 —0.55 4+ 0.02 3
NGC 2682 9.63 +0.00 + 0.00 —0.37 = 0.01 19
NGC 4337 9.16 +0.22 + 0.01 —0.49 + 0.01 6
NGC 6705 8.49 +0.10 = 0.01 —0.44 £ 0.02 12
NGC 6791 9.80 +0.31 +£0.01 —-0.16 + 0.01 41
NGC 6811 9.03 —0.05 £ 0.01 —0.52 £+ 0.01 6
NGC 6819 9.35 +0.04 + 0.01 —0.35 £ 0.02 42
NGC 6866 8.81 +0.01 += 0.00 —0.56 = 0.03 2
NGC 752 9.07 —0.06 & 0.00 —0.44 4+ 0.01 5
NGC 7789 9.19 —0.03 £ 0.00 —0.42 4+ 0.01 65
Ruprecht 147 9.48 +0.12 + 0.02 —0.40 = 0.03 3
Ruprecht 85 8.31 —0.25 £ 0.01 —-0.34 £ 0.15 2
SAI 116 8.10 +0.14 + 0.00 —0.37 = 0.10 2
Teutsch 12 8.92 —0.20 £ 0.01 —0.57 + 0.03 4
Teutsch 51 8.83 —0.33 £ 0.01 —0.52 4+ 0.01 3
Tombaugh 2 9.21 —0.37 £ 0.00 —-0.61 £+ 0.07 4
Trumpler 20 9.27 +0.11 £ 0.00 —0.51 £ 0.02 25
Trumpler 5 9.63 —0.45 £ 0.00 —-0.27 £ 0.02 8

"Globular cluster ages are adopted to have 0.1 age uncertainty.

™ Open cluster ages come from Cantat-Gaudin et al. (2020).

2.5 Results

After application of these additional membership and cluster age cuts the sample used

for our [C/NJ-age calibration (Figure 2.6) is comprised of the 49 clusters (530 stars) from
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Spoo et al. (2022) plus four globular clusters: 47 TUC, M 71, M 4, and M 5 (31 stars). The
full sample, presented in Appendix C, covers an age range of 8.62 < log(Agelyr]) < 10.13
and a metallicity range of —1.2 < [Fe/H| < 40.3. The individual globular cluster stars

used in the calibration extension are shown in Table 2.2.
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Table 2.2:

Calibration Globular Cluster Sample Stellar Data from APOGEE DRI17.

Cluster

name

9MASS ID T.sf log(g) [Fe/H] [C/N]
(K) (dex) (dex) (dex)

47 TUC
47 TUC
47 TUC
47 TUC
47 TUC
47 TUC

2M00204027-7201425 4753 £ 12 2.46 £ 0.04 -0.69 £ 0.01  0.16 + 0.13
2M00215813-7158147 4809 £ 15 2.46 £0.04 -0.71 £0.01 0.16 &£ 0.11
2M00231815-7211516 4814 £ 16 2.39 £0.04 -0.76 £ 0.01 0.13 £ 0.15
2M00251382-7159103 4813 £ 15 2.37 £0.04 -0.79 £0.01 0.17 £ 0.12
2M00233065-7150017 4756 £ 12 2.36 £ 0.03 -0.70 £0.01 0.16 & 0.11
2M00235608-7141488 4811 £ 15 2.39 £0.04 -0.75 £0.01  0.25 £+ 0.20

M 71
M 71
M 71
M 71
M 71
M 71
M 71
M 71
M 71

2M1953327141841101 4825 + 15 2.73 £ 0.04 -0.70 &= 0.01  0.10 &+ 0.07
2M195331144-1845204 4858 + 16 2.63 + 0.04 -0.71 & 0.01  0.09 &+ 0.07
2M195334284-1846550 4854 + 11 2.47 + 0.03 -0.68 = 0.01  0.18 £ 0.13
2M19533989+4-1844229 4858 + 10 2.45 + 0.03 -0.72 = 0.01  0.22 £ 0.16
2M195349924-1841255 4914 + 19 2.94 + 0.04 -0.71 = 0.01  0.13 £ 0.09
2M195357694-1844567 4866 + 16 2.61 + 0.04 -0.68 = 0.01 -0.22 £ 0.20
2M195350184-1845525 4751 =13 2.38 = 0.04 -0.73 = 0.01  0.01 £ 0.03
2M195402284-1842447 4772 £ 15 2.37 £ 0.04 -0.76 & 0.01  0.07 £ 0.05
2M195335934-1847564 4757 + 10 2.40 + 0.03 -0.75 & 0.01 -0.04 £ 0.12

M4
M4
M4
M4
M4
M4
M4

2M16223348-2631308 5050 £ 13 2.82 £ 0.04 -1.08 £0.01 0.37 £ 0.26
2M16225050-2642162 5291 £ 16 2.28 £0.04 -1.22 +£0.01 0.00 £+ 0.18
2M16231475-2645281 5063 £ 14 298 £0.04 -1.05£0.01 0.51 £ 0.37
2M16232148-2638354 5272 £ 16 2.23 £0.04 -1.20 £0.01 -0.37 £ 0.27
2M16233193-2631314 5397 £39 223 £0.06 -1.22 £0.02 -0.25 £ 0.47
2M16233236-2629222 4932 £ 12 2.62 £0.04 -1.05 £0.01 0.18 + 0.18
2M16233621-2640002 4982 £ 17 2.62 £0.04 -1.08 £0.01 -0.22 £+ 0.22

M5
M5
M5
M5
M5
M5
M5
M5
M5

2M151752064-0159462 4994 4+ 14 2.45 + 0.04 -1.21 &+ 0.01 0.22 £ 0.26
2M151755544-0217164 4991 + 17 2.35 £ 0.04 -1.12 + 0.01 -0.13 £ 0.10
2M151816194-0205358 5001 4+ 14 2.29 + 0.04 -1.15 + 0.01 -0.28 £ 0.23
2M151828464-0159283 4866 + 16 2.22 + 0.05 -1.29 + 0.01  0.16 £ 0.22
2M151829174-0159269 4908 + 17 2.17 + 0.05 -1.23 + 0.01 -0.45 £ 0.33
2M151837204-0208197 4887 £ 29 2.16 &£ 0.07 -1.26 + 0.02 -0.24 + 0.21
2M151838734-0208200 4890 + 14 2.20 + 0.04 -1.16 = 0.01 -0.13 £ 0.09
2M15183915+4-0205301 4940 + 19 2.37 £ 0.05 -1.23 £ 0.01 0.17 £ 0.13
2M151839754-0212333 4992 + 19 2.39 &£ 0.05 -1.23 + 0.01 -0.24 £ 0.35
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2.5.1 The Extended DR17 [C/N] Abundance/Age Calibration

In log-log space the relationship between stellar age and [C/N] appears to follow polyno-

mial curve; our best fit is given by:

log[Age(yr)] = —1.83 (+£0.88) [C/N]? + 1.35 (+0.53) [C/N] + 10.10 (+£0.08)(2.1)

The polynomial fit given by Equation 2.1 and shown in Figure 2.6 uses an Orthogonal
Distance Regression method, from the scipy package ODR, to ensure errors in [C/N]
and log[Age (yr)] were both equally considered in our fit. We also evaluated a linear fit

and the results of that fitting can be found in Appendix A.
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Figure 2.6: The [C/N] versus log(Age[yr]) distribution for the final sample, composed
of Spoo et al. (2022) open cluster sample and globular clusters: 47 TUC, M 71, M 4,
and M 5. Clusters represented by blue circles are from the final calibration sample of
Spoo et al. (2022). Globular clusters 47 TUC, M 71, M 4, M 5, are represented with
an indigo square, an orange thin-diamond, a cyan left-triangle, and a red right-triangle,
respectively. Our new fit is shown as a solid black line, and the max possible calculated
age envelope is shown with the grey region. The accepted age of the Universe is shown as a
vertical grey-dashed line. The open clusters used in our asteroseismic age comparison are
NGC 1817, NGC 2682 (M 67), NGC 6791, NGC 6811, and NGC 6819 and are shown in
black outlined orange diamond, red square, green circle, red diamond, and blue triangle,
respectively.

36



2.6 Comparison to Asteroseismic Ages

A natural comparison can be done to asterosiesmic-based ages from the NASA Kepler
satellite. For this work, we have compared to the APOKASC 3 survey (Pinsonneault
et al. 2018, Pinsonneault et al. in prep.) and the recently released APO-K2 (Schonhut-
Stasik et al. 2024) survey. The APOKASC 3 survey uses a combination of APOGEE
and Kelper data to obtain stellar ages while APOK-K2 uses a combination of APOGEE
and K2 data (Warfield et al. 2024). Warfield et al. (2024) also recalculated ages for the
APOKASC2 stars with their age determining method. The following sections detail our

comparison to the two surveys and our verification of our [C/N]-ages.

2.6.1 APOKASC 3

Our sample has 8671 stars in common with APOKASC3, including four open clusters
(but no globular clusters). Of the four available open clusters, two open clusters were
found to have reliable RGB cluster membership based on OCCAM probabilities, therefore
we compare only these two clusters on a star-by-star basis.

For further verification, we apply our calibrations to open clusters that are also in
the APOKASC 3 sample: NGC 6791 and NGC 6819, shown in Figure 2.7. We find
that our calculated ages are consistent to the ages determined in Cantat-Gaudin et al.
(2020) for all three clusters. The spread in the [C/N]-calibration ages within the cluster
is due to the uncertainty of [C/N] in the individual cluster members, but such a spread is
expected because our calibration is based on the average [C/N| abundance of the cluster.

The representative uncertainty is shown in Figure 2.7.
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Figure 2.7: Alog[Age(yr)] as a function of APOKASC3 log[Age (yr)] (top) and [C/N]-
based log[Age (yr)| (bottom). The grey-gradient shaded regions represent bins of field
stars; darker bins imply more stars. The green circles and blue triangles represent cluster
member RGB stars common to both samples NGC 6791 and NGC 6819, respectively. The
vertical dashed lines are the Cantat-Gaudin et al. (2020) determined ages for each cluster
and the respective shaded regions shows the error in cluster age. The horizontal grey-
dashed line is where Alog[Age(yr)] = 0 with the surrounding grey region representing
a delta of —0.1 and +0.1. The vertical grey-dotted line shows the accepted age of the
Universe. Median representative error bars are shown in each panel.
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The outlier stars from NGC 6791 that are older than the Universe from asteroseismic
age determination, shown with green circles that are between the vertical grey dotted line
and log[Age(yr)] = 10.50 in the top panel of Figure 2.7, both outlier stars are found to be
in binary systems by Price-Whelan et al. (2020) while only one star is found to be rapidly
rotating by Patton et al. (2024). The one found to be rapidly rotating is the green circle
around log[Age(yr)] = 10.25 and just to the right of the vertical grey dotted line that
represents the accepted age of the Universe. Since the star is rapidly rotating, this usually
indicates that mass transfer or tidal interactions has occurred, so the determined mass
may not indicate age as well as potentially changing the surface abundance of carbon
and nitrogen. Another thing to note for determined rapidly rotating stars, the APOGEE
DRI17 pipeline assumes giants are not significantly rotating and the broadening effects
that are not accounted for will change the observed carbon and nitrogen abundance.

For our [C/N]-age method, we do determine some star ages that are calculated to be
older than the Universe, but they only make up 1% of our sample. About a third of the
“too old” stars we find to be rapidly rotating (Patton et al. 2024) and/or in a binary
system (Price-Whelan et al. 2020) which can change the observed surface abundance of
carbon and nitrogen (Bufanda et al. 2023), making our [C/N]-age correlation assumptions
invalid for those stars. Comparison with APOKASC3 results suggests that [C/N]-based
ages are consistent with asterosiesmic ages to 10% for 98.2% of all giants compared, as

shown in Figure 2.7.
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Figure 2.8: Alog[Age(yr)] as a function of APO-K2 log[Age (yr)] (top) and [C/N]-
based log[Age (yr)| (bottom). The grey-gradient shaded regions represent bins of field
stars; darker bins imply more stars. The red squares, green circles, and blue triangles
represent cluster member RGB stars common to both samples NGC 2682 (M 67), NGC
6791, and NGC 6819, respectively. The vertical dashed lines are the Cantat-Gaudin
et al. (2020) determined ages for each cluster and the respective shaded regions shows
the error in cluster age. The horizontal grey-dashed line is where Alog[Age(yr)] = 0
with the surrounding grey region representing a delta of —0.1 and 40.1. The vertical
grey-dotted line shows the accepted age of the Universe. Median representative error
bars are shown in each panel.
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2.6.2 APO-K2

Our sample shares 7120 stars in common with APO-K2 survey, including 10 open clus-
ters (but no globular clusters). APO-K2 combined K2 asteroseismology, APOGEE spec-
troscopy, and Gaia astrometry, and produced a catalog of 7672 evolved stars (either Red
Giant Branch or Red Clump), that have precise asteroseismic ages, masses, radii, abun-
dance values, and kinematic parameters. Ages for APO-K2 were derived in the second
catalog release in Warfield et al. (2024). After our membership comparison, we find three
open clusters where we are able to compare ages on a star-by-star basis.

For this further asteroseismic age comparison, we apply our calibrations to open clus-
ters that are also in the APO-K2 sample, NGC 2682 (M 67) and the APO-K2 recalibrated
APOKASC2 sample, NGC 6791 and NGC 6819, as shown in Figure 2.8. We find that
our calculated ages are more consistent with the ages determined in Cantat-Gaudin et al.
(2020) for two of the three clusters than determined with APO-K2. For both, APO-K2
and this work, the ages of stars within NGC 2682 (M 67) are under estimated relative to
the Cantat-Gaudin et al. (2020) age. From Figure 2.6, the cluster NGC 2682 is further
off the linear fit than the other APO-K2 cluster used in our comparison and explains
why we see a discrepancy between our derived ages and the Cantat-Gaudin et al. (2020)
ages used in our calibration. This discrepancy could be due to either additional effects
in the APOGEE measurement of [C/N] (most NGC 2682 stars are significantly higher
S/N which many reveal weaker lines) or there may be a systematic error in the isochrone
fitting age determination of NGC 2682 by Cantat-Gaudin et al. (2020), similar to as is

seen in Figure 6 of Hunt & Reffert (2023) where blue stragglers affect the main sequence
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turn off location for older clusters from their work as well as Cantat-Gaudin et al. (2020)
and Kharchenko et al. (2013).

In this comparison to APO-K2, we find that stars that are calculated to be older
than the Universe now comprise 9% of our sample, where a third of those stars we find
to be in a binary system (Price-Whelan et al. 2020) which could change the observed
surface abundance of carbon and nitrogen (Bufanda et al. 2023). The stars determined
to be “older than the Universe” as determined by the APO-K2 catalog, were checked for
binarity in common proper motion (using Gaia DR3) and assessed for unresolved bina-
ries using astrometric errors and markers (via priv. comm. regarding Schonhut-Stasik
in prep.). Similarly, the spread in the [C/N]-calibration ages is due to the uncertainty of
[C/N] in the individual cluster members, but such a spread is expected because our cali-
bration is based on the average [C/N] abundance of the cluster, with representative error
shown. Comparison with APO-K2 results suggests that [C/N] based ages are consistent

with asterosiesmic ages to 10% for 99.6% of giants, as shown in Figure 2.8.
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Chapter 3

The Effects of Atomic Diffusion on

Measured Stellar Abundances

3.1 Atomic Diffusion Sample Selection

For this work, we utilized cluster membership probabilities from the Open Cluster Chem-
ical Analysis and Mapping survey (OCCAM, Frinchaboy et al. 2013, Cunha et al. 2015,
Donor et al. 2018; 2020, Myers et al. 2022). Specifically, we used OCCAM the proper
motion and radial velocity membership probabilities from the Myers et al. (2022) DR17
VAC! to select for cluster membership. As we investigated for the potential change in
abundances, we specifically did not use the metallicity-based probability. This selection
ensurers we do not remove stars with potential signatures for atomic diffusion since the

Fe-surface abundance would change at and around the main sequence turn off (MSTO)

Thttps://www.sdss.org/dr17/data_access/value-added-catalogs /?vac_id=open-cluster-chemical-
abundances-and-mapping-catalog.
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phase. The APOGEE DRI17 measured surface abundance variations can be seen in Fig-
ure 3.1 for color-magnitude diagrams (CMD) of clusters NGC 752, Ruprecht 147, and M
67 with proper motion and radial velocity determined members colored by [Fe/H] and

non-member stars are colored in grey.

3.2 MIST Stellar Evolution Models

In order to investigate the significance of any diffusion effects, we need to compare to
stellar models. In this work, we have selected the MESA Isochrones & Stellar Tracks
(MIST; Dotter 2016, Choi et al. 2016) models that utilizes the stellar evolution code
Modules for experiments in Stellar Astrophysics (MESA; Paxton et al. 2011; 2013; 2015),
which also included the effects of atomic diffusion. These models cover an age range of
5 < log[Age(yr)] < 10.3 and metallicity range of —4 < [Fe/H] < +0.5 as well as
report surface abundances for 19 isotopes of 17 elements from hydrogen to iron. Stellar
evolutionary tracks were computed with and without radiative acceleration to gauge its
influence. Each element is treated separately for ionization, monochromatic opacity,
and radiative acceleration, except for titanium since there is no Opacity Project data
available. Due to the lack of available data titanium is grouped with calcium as a
single class. All isochrones used in this study were generated using the MIST Isochrone

Interpolation tool?.

2https://waps.cfa.harvard.edu/MIST /interp_isos.html
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Figure 3.1: CMDs of M 67 (top), NGC 752 (middle), and Ruprecht 147 (bottom) with
PM and RV determined cluster members colored by [Fe/H] and non-members are shown
in grey. Note stellar data quality selection criteria has already been applied to these
member stars. Note the magnitude errors are smaller than the markers. 45



3.3 SDSS/APOGEE Survey

In this work, we use data from the Apache Point Observatory Galactic Evolution Exper-
iment surveys (APOGEE-1 & -2; Majewski et al. 2017, Majewski et al., in prep), which
are part of the SDSS-III & -IV projects (Eisenstein et al. 2011, Blanton et al. 2017). Spec-
troscopic data were observed in both hemispheres with 2.5m telescopes (Gunn et al. 2006,
Bowen & Vaughan 1973) at APO (Apache Point Observatory, New Mexico, USA) and
LCO (Las Campanas Observatory, La Serena, Chile), the using the APOGEE-N and -S
spectrographs (Wilson et al. 2019), respectively. The targeting selection for APOGEE is
described in Zasowski et al. (2013; 2017), Beaton et al. (2021), and Santana et al. (2021),
with targeting for open clusters being further described in Frinchaboy et al. (2013) and

Donor et al. (2018).

3.3.1 SDSS/APOGEE Survey DR17

In order to reliably detect and characterize the effects of diffusion in stars in clusters, we
need a large uniform data set of spectroscopic abundances. In this work, our stellar data
are taken from the final data release of the APOGEE-2 survey (DR17; Abdurro’uf et al.
2022). A full description of the APOGEE DR17 data quality and parameter limitations
is presented in Abdurro’uf et al. (2022) and Holtzman et al. (in prep). Furthermore,
unlike previous releases, DR17 has provided supplementary alternate libraries that were
constructed with different underlying physical assumptions, and have been been made

available as a part of the APOGEE DR17 release3. In this work, we investigate the

3The alternate DR17 libraries and links to the data are found at:
https://www.sdssd.org/drl7 /irspec/apogee-libraries/
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“primary” DR17 library based on Synspec and one alternate library using Turbospectrum
20 that utilizes spherical geometry for giant stars (logg < 3), similar to previous data

releases (i.e., APOGEE DR14 and APOGEE DR16%).

3.3.2 APOGEE Spectral Library Selection

The primary release for APOGEE DR17 updated the ASPCAP analysis code compared
to previous data releases, as the library of synthetic spectra were calculated using Synspec
code, which allows for Non-Local Thermodynamic Equilibrium (NLTE) line formation
in a plane parallel geometry. However, unlike previous releases, DR17 has provided
supplementary alternate libraries that were constructed with different underlying physical
assumptions, and have been been made available as a part of the APOGEE DR17 release.
One alternate library that is of interest to this work creates spectral libraries using
Turbospectrum 20 that utilizes spherical geometry for giant stars (logg < 3), similar to
previous data releases (i.e., APOGEE DR14 and APOGEE DR16). For our results, we
have chosen the spectral libraries created from Turbospectrum 20 LTE, with spherical
geometry included, to be consistent with previous works (Souto et al. 2018).

We provide the comparative analysis between the Synspec NLTE and Turbospectrum
20 LTE libraries, in regards to the resulting effect on the atomic diffusion signature, in
supplemental results (see Appendix B). We also, in Appendix B, provide the results of

our analysis conducted with the primary Synspec NLTE DR17 spectral library.

4https://data.sdss.org/sas/dr17/apogee/spectro/speclib/synth/ turbospec/marcs/
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3.3.2.1 Selected Clusters Detailed Spectral Analysis

To enhance precision and validate ASPCAP DR17 abundance results, we conducted a
detailed manual analysis for a small fraction (seven stars from Rup 147 and nine from
NGC 752) of stars from our main sample. This involved comparing observed spectral
lines to their best synthetic fits, with abundance determinations derived from the visual
best fit in conjunction with the minimum chi-square (x?) criterion. This manual analysis
provides independent results for a smaller sample that can be cross-referenced with the
automated ASPCAP results.

To generate the spectral synthesis, we adopted Teqs from the DR17 (assuming re-
sults from MARCS models and Turbospectrum) and also from photometric calibration
of Gonzéalez Herndndez & Bonifacio (2009). We adopted the color indexes where photo-
metric bands J, H, K are from 2MASS survey (Cutri et al. 2003). We adopted reddening
of Ay = 0.06 for Rup 147 and Ay = 0.07 for NGC 752, as determined by Cantat-Gaudin
et al. (2020).

The surface gravities derived are from physical relations assuming stellar mass and
bolometric magnitudes from MIST isochrones (with the respective age and metallicity
for each cluster). For microturbulence velocity, we adopted the values using the same
procedure as in Souto et al. (2016, or Smith et al. 2013). We also adopted the same
spectral lines as Souto et al. (2018) to determine individual abundances for each element.

It is important to note that for specific elements, such as Na, Ca, Ti, V, Cr, and Ni,
their atomic lines became smaller as the effective temperature increased, particularly for

turnoff stars. This made determining precise individual abundances more challenging or
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even impossible for some stars. The abundance values for Fe, C, Mg, Si, Ca, and Ti
deteremined by out “by-hand” detail analysis for the individual stars within NGC 752

and Ruprecht 147 can be found in Table 3.1.
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3.4 Analysis

3.4.1 Cluster Membership

For this work, we are using the SDSS/APOGEE survey as it provides sufficient stars in
the open clusters M67, NGC 752, and Ruprecht 147. We utilized cluster membership
probabilities from the Open Cluster Chemical Analysis and Mapping survey (OCCAM,
Frinchaboy et al. 2013, Cunha et al. 2015, Donor et al. 2018; 2020, Myers et al. 2022),
for these selected clusters. Specifically, we used OCCAM the proper motion and radial
velocity membership probabilities from the Myers et al. (2022) DR17 VAC® to select for
cluster membership, where proper motion probabilities were greater than 0.01 and radial
velocity probabilities were greater than 0.01. As stated previously in §3.1, we did not use
the metallicity-based probability as it would remove stars with potential signatures for
atomic diffusion since the Fe-surface abundance would change at and around the turn off
phase. The surface variation for clusters NGC 752, Ruprecht 147, and M 67 can be seen

in Figure 3.1.

3.4.2 Selecting Useful Abundances from SDSS/APOGEE DR17

We selected stars with reliable elemental measurements by applying ASPCAP quality bit-
wise flags (fully described in Jonsson et al. (2020) and Holtzman et al, in prep) as well as
requiring a signal-to-noise ratio (S/N) greater than or equal to 100. To remove possible

binaries from our sample, we applied a VSCATTER cut to be less than 1 km s™!. A sum-

Shttps://www.sdss.org/dr17/data_access/value-added-catalogs/?vac_id=open-cluster-chemical-
abundances-and-mapping-catalog.
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mary of our sample selection criteria adopted are listed in Table 3.2. Note STARFLAG
and ASPCAP bit-wise flags are described in: https://www.sdss.org/dr17/irspec/apogee-
bitmasks/ .

After applying this criteria, we are able to use open clusters NGC 752 (35 stars) and
Ruprecht 147 (23 stars) for our investigation, in addition to comparing to the previously
studied M67 (Souto et al. 2018), as these clusters have at least one star in the main
sequence (MS), turn-off (TO), and red giant branch (RGB) evolutionary phase. Having
at least one star in each of these phases is crucial for our investigation as it allows us to

see surface abundance variation that are tied to atomic diffusion.

Table 3.2: Stellar Data Quality Selection Criteria

Source Parameter Selection

Data Quality Cuts

APOGEE/DR17 STARFLAG - Stellar Parameters =16

APOGEE/DR17 ASPCAP Flag - Chemistry =23

APOGEE/DR17 VSCATTER (km s™') <1

APOGEE/DR17 SNREV > 100
Membership Cuts

(Myers et al. 2022) RV_PROB > 0.3

(Myers et al. 2022) PM_PROB > 0.3

3.5 Results & Discussion

In this section, we present our results as well as compare abundances derived from the
APOGEE pipeline and derived from our by-hand analysis with MIST models for open

clusters NGC 752 and Ruprecht 147. The cluster NGC 752 is comprised of 20 main
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sequence, 9 turn-off, 1 sub-giant, and 5 red giant stars. While the cluster Ruprecht 147
is comprised of 13 main sequence, 9 turn-off, and 1 red giant stars. The six elements (Fe,
C, Mg, Si, Ca, and Ti) we have chosen to investigate are those in common between the
uncalibrated (or raw) APOGEE pipeline, by-hand analysis, and MIST models. The raw
APOGEE parameters and elemental abundance can be found in FPARAM and FELEM,
respectively. For ease, the uncalibrated surface gravity and effective temperature can be
found with LOGG_SPEC and TEFF _SPEC, respectively.

The criteria we use to identify whether changes in surface abundances are significant
or not is as follows: We find the mean and standard deviation of the [X/H] abundance
observed in the stars considered members in NGC 752 and Ruprecht 147. Next, we
compare the standard deviation to the standard errors found Souto et al. (2018) as these
errors were larger than those assumed for the APOGEE DRI17 pipeline from Jonsson
et al. (2020). If the difference of those values were larger than 1o, where o is equal to
the standard error, the measured change in abundance is significant while differences less
than 1o were considered not significant. This method was applied to M 67, a cluster that
have been confirmed to have surface abundance variations determined to be signatures
of atomic diffusion in Souto et al. (2019; 2018), Liu et al. (2019), Bertelli Motta et al.
(2018), Gao et al. (2018), Onchag et al. (2014), and found this method to be a useful

indicator of significant surface abundance changes.
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3.5.1 Abundance Trends

In our investigation, we look at abundance trends for six elements: Fe, C, Mg, Si, Ca,
and Ti for both open cluster NGC 752 and Ruprecht 147. (Na was also investigated as
a potential element affected by diffusion; however, the determined uncertainties in our
measurements were too large to obtain any significant insight, therefore this element was
removed from this work.)

In Figure 3.2, metallicity is plotted as a function of effective temperature for both
NGC 752 (left) and Ruprecht 147 (right). Markers shown with a blue ‘x’ are raw
APOGEE DRI17 assuming Turbospectrum and MARCS models, while markers shown
with a yellow square and red circles represent by-hand analysis assuming uncalibrated
effective temperature and physical surface gravity and photometrically calibrated effec-
tive temperature and physical surface gravity, respectively. The MIST model used in our
comparison is shown in a solid black line. Figures 3.3 and 3.4, shows our six elements as
a function of effective temperature for NGC 752 and Ruprecht 147, respectively. These

plots follow a similar marking scheme as Figure 3.2.

3.5.1.1 Iron

Cluster NGC 752 has mean metallicity just below solar ([Fe/H]) = —0.03 dex with a
standard deviation of 0.32 dex. When comparing the standard deviation to the stand
error for [Fe/H], we find the difference to be greater than 30 implying there is a change in

the surface Fe-abundance supporting stellar evolutionary process is causing the change.

While in cluster Ruprecht 147 has ([Fe/H]) = 0.05 dex with a standard deviation of 0.12
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Figure 3.2: [Fe/H]-T,ss using TurboSpectrum and MARCS for clusters NGC 752 (left)
and Ruprecht 147 (right). The blue ‘x’ markers represent the raw APOGEE pipeline
values using Turbospectrum with spherical geometry and MARC models. The yellow
squares represent by hand analysis where the raw T,¢; from APOGEE and physical log ¢
were used to determine abundances. The red circles represent by hand analysis where
photometrically calibrated 7. ;¢ and physical log g were assumed to determine abundance.
The MIST model we compare to is represented by a solid black line.

dex and when compared to the standard error for [Fe/H], we find the difference to be
0.730. For Ruprecht 147, within our uncertanties we do not find a signifficant change in
the surface Fe-abundance, however atomic diffusion could still affect star in this cluster.

For NGC 752, there is an apparent trend in metallicity in the raw APOGEE values and
a stronger trend in the by-hand analysis that assumes photometrically calibrated effective
temperature and physical surface gravity which follows the MIST model determined
metallicity. Where for Ruprecht 147 the Fe-abundance does not show a strong variation
in the raw APOGEE determined abundances, but the by-hand analysis that assumes
photometrically calibrated effective temperature and physical surface gravity determined
abundances seem to follow the MIST model.
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3.5.1.2 Carbon

For our study of carbon, Figure 3.3, we find that stars in NGC 752 overlap with the model
suggesting they show significant diffusion signatures plus additional abundance variations
from mixing due to the first dredge up (FDU). The raw APOGEE mean [C/H] for NGC
752 is -0.10 dex with a standard deviation to be 0.32 dex. When comparing the standard
error for carbon to the standard deviation we find the difference to be about 60 which
shows a significant change in the surface C-abundance. This supports stellar evolutionary
change in the surface abundance like first dredge up, which carbon is know to be affected
by this stellar mixing, and potentially atomic diffusion.

For Ruprecht 147, we find there is not a strong trend with both the raw APOGEE
values and the by-hand values, the trend looks to have a shallow linear trend. The raw
APOGEE mean [C/H] abundance for Ruprecht 147 is 0.13 dex with a standard deviation
to be 0.29 dex. Comparing the standard deviation to the standard error we find the error
to be about 40. Having this large of change suggested that the change in the surface
C-abundance is significant supporting stellar mixing impacting the amount of carbon in

the surface, e.g., the first dredge up and potentially atomic diffusion.
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Figure 3.3: [X/H]|-T.;; using TurboSpectrum and MARCS for clusters NGC 752. Similar
markings as Figure 3.2 for the six element in our investigation.
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Figure 3.4: [X/H]-T.s¢ using TurboSpectrum and MARCS for clusters Ruprecht 147.
Similar markings as Figure 3.2 for the six element in our investigation.
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3.5.1.3 Magnesium

For cluster NGC 752, we find the raw APOGEE ([Mg/H]) = —0.01 dex with a standard
deviation of 0.58 dex. After comparing the standard deviation to the Mg standard error,
we find a significant effect from diffusion, with a difference of almost 9¢. This supports
this idea that atomic settling impacts the change in magnesium. The by-hand result
follow a similar trend as the raw APOGEE values suggesting a significant change is
measure with alternative analysis. This suggests that atomic diffusion could be a process
causing this change.

For cluster Ruprecht 147, we find the APOGEE raw ([Mg/H]) = 0.09 dex with
a standard deviation to be 0.25 dex. When comparing the standard deviation to the
standard error, we find the difference to be about 30. This implies the change in surface
Mg-abundance to be significant and suggests that atomic diffusion could be the cause.
Although this difference is significant it is not as large as what is found in NGC 752,
which is almost 3 times larger than that observed in Ruprecht 147.

For Ruprecht 147, the raw APOGEE values follow a shallow, almost flat, linear trend
implying a constant surface Mg-abundance. While for the by-hand analysis there is a
slight increase in Mg turn-off, but as the error bars overlap this suggests the is not a

significant increase of Mg.

3.5.1.4 Silicon

NGC 752 shows signs of atomic diffusion where the Si abundance decreases at the turn-

off and the Si-abundance increases as the stars evolve into their RGB phase with the

58



by-hand analysis. The raw APOGEE values seem to follow the same trend. For NGC
752, the raw APOGEE mean ([Si/H]) = —0.09 dex with a standard deviation of 0.53
dex. After comparing the spread to the standard error, we found a difference of 7.50;
this implies a significant change in surface Si-abundance and supports that stellar mixing
could be causing the change.

While for Ruprecht 147, the Si-abundance actually increases at the turn-off instead
of decreasing with the by-hand analysis. For the raw APOGEE values, the trend is
not as strong of a signature. For Ruprecht 147, the raw APOGEE ([Si/H]) = 0.14 dex
with a spread of 0.22 dex. When comparing the spread to the standard error, we find a
difference of 2.50. This shows a significant change in surface Si-abundance in Ruprecht

147, but this change is three times less than the change found in NGC 752.

3.5.1.5 Calcium

NGC 752 the raw APOGEE values follow the atomic diffusion trend, though the values
decrease much lower than the model predicts. The by-hand analysis follows a similar
trend where the Ca-abundance decreases at the turn-off and increase as the star evolves.
We find the raw APOGEE ([Ca/H]) = —0.10 dex with a standard deviation of 0.35 dex.
After comparing the spread to the standard error for silicon, we found a difference to be
almost 5o. This shows a significant change in the surface Ca-abundance and supports
stellar mixing, such as atomic diffusion, as a potential source of the observed abundance
change.

For Ruprecht 147, we found a raw APOGEE ([Ca/H]) = 0.05 dex with a standard

deviation of 0.27 dex. Comparing the spread and the standard error, we found a difference
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of almost 3.50 which shows a significant change in the measure surface Ca-abundance.
Supporting stellar mixing to be the reason for surface changes. The by-hand analysis
also follows this similar trend, when the change in abundance is significant (see Figure

3.4).

3.5.1.6 Titanium

For NGC 752, we found the raw APOGEE ([Ti/H]) = —0.07 dex with a spread of 0.47
dex and found the difference between the spread and the standard error to be about 20.
This would suggest a significant change in the surface Ti-abundance. For Ruprecht 147,
we found the raw APOGEE ([Ti/H]) = 0.14 dex with a spread of 0.23 dex and found the
difference between the spread an standard error to be about 0.70. Since the difference is
less than 1o this suggest the change in surface Ti-abundance is not significant. For stellar
abundance determined by the by-hand analysis, we could not determine abundances at
the turnoff for NGC 752 because their spectral lines became small or blended by other

lines. Therefore, we can not conclude the full extent of potential diffusion signatures.
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3.5.2 Minimized Chi-Squared Comparison

We did a quantitative comparison between the derived [Fe/H] abundance values, as-
suming photometrically calibrated effective temperature and physical surface gravities,
and the MIST diffusion models using a minimized chi-squared comparison for NGC 752
and Ruprecht 147. Our comparison is shown in Figures 3.5 and 3.6 for NGC 752 and
Ruprecht 147, respectively. The diffusion models used to compare to NGC 752 are in
the top panel of Figure 3.5 for ages 800 Myr, 1.0 Gyr, 1.3 Gyr, 1.6 Gyr, and 2.0 Gyr.
As for diffusion models used to compare to Ruprecht 147, they are in the top panel of
Figure 3.6 for ages 1.6 Gyr, 2.0 Gyr, 2.5 Gyr, 3.2 Gyr, and 4.0 Gyr. The reliable diffusion
model stellar parameter values used in our comparison were selected based on their clos-
est effective temperature, surface gravity, and metallicity to the derived observed stellar
quantaties. Note, selecting the model star without these three parameters will give you
vastly different y2-value as it will select the wrong stellar evolutionary phase to compare
the observed star, i.e., the giant phase and main sequence phase could be confused as
these phases have similar effective temperatures [Fe/H] as seen in Figure 3.2. The dashed
horizontal grey line represents the x?-value for a constant mean [Fe/H| abundance value
for NGC 752 and Ruprecht 147 as [Fe/H| = —0.04 and [Fe/H| = 0.12 dex, respectively.
Constant mean [Fe/H] abundance model assumes the [Fe/H]| of each evolutionary phase
does not change. To do this type of comparison, and it be valid, the metallicities had to
be taken out of log-space.

NGC 752 MIST models fit better as the y2-values are lower than the y2-value for

assuming constant [Fe/H| abundance indicating the abundance variation is significant
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and suggests that the cluster has atomic diffusion signatures. Furthermore, in Ruprecht
147 the x%-value for assuming a constant [Fe/H] and the y*-values for the MIST models
are similar. This suggests there is a weak abundance variation in Ruprecht 147 and

hence, it is inconclusive if the cluster has atomic diffusion signatures.
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Figure 3.5: (Top): Shows metallicity as a function of effective temperature for NGC
752. The solid and dashed lines represent MIST isochrones assuming [Fe/H]=-0.04 and
ages = 0.8, 1.0, 1.3, 1.6, 2.0 Gyrs. (Bottom): A chi-squared minimization comparing
the derived metallicities with MIST isochrones. The grey dashed line is a chi-squared
comparison assuming the mean metallicity is constant. The color of the circle markers
correspond to the five models shown above to calculate their chi-squared value.
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Figure 3.6: Similar to Figure 3.5 for Ruprecht 147, where the MIST isochrones assume
[Fe/H]=0.12 and ages = 1.6, 2.0, 2.5, 3.2, 4.0 Gyrs.
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3.5.3 Implications

With this work and the work of Souto et al. (2018), we find that atomic diffusion can
and does have a significant effect on the measured abundances of star at the MSTO and
sub-giant branch for stars older than ~ 1 Gyr. While our work cannot full characterize

this effect, this work does allow us to state the following:

e We do caution about using observed metallicities of turnoff stars without accounting
for diffusion, this will lead to selection of isochrones too metal-poor for the birth
abundance of the star, yielding a wrong age determination. Our results drive us
to echo the finding of VandenBerg et al. (2002), who showed that atomic diffusion
could impact age determination by 10% as we find more clusters with indications of
atomic diffusion. This is something to consider when modeling as well as age dating
star within the field. Dotter et al. (2017) states assuming the incorrect constant-
metallicity for an isochrone can lead to age estimates being over estimated by about
20% compared to isochrones that variable-metallicity assumptions. Not accounting
for diffusion yields a systematic offset to the true ages which will effect analysis of

mapping Galactic history.

Our findings show that atomic diffusion is an issue for age determination of MSTO
and SGB stars, but at this point we do not have enough data to fully characterize the
changes observed in order to identify the correct birth-metallicity isochrone.

While our current study is insufficient to map the effect of diffusion to enable one
to recover the abundance from formation, we hope further high-precision abundance

mapping of star on clusters covering a range of age and metallicity will enable this in
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future work. We note that these studies will require high-S/N abundance data from
more clusters covering a wider range of ages, including sufficient converge of MS, MSTO,
SGB, and RGB within the cluster to measure the change in surface abundances due to

atomic diffusion.
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Chapter 4

Conclusion

This dissertation has explored how variations in stellar surface chemistry can be used as a
tool to probe the ages of stars, and conversely hinder the accurate ages of stars depending
on the evolutionary stage of the star being studied. In this chapter, we present a summary

of our findings.

4.1 The Expanded APOGEE [C/N]-Age Calibration

for Old Metal-Poor Stars

We have established a new calibration for APOGEE DR17 data that provides the follow-
ing relation for RGB stars that experience the first dredge-up, but have not experienced
extra-mixing (i.e., APOGEE DRI17 stars with logg < 3.2 plus applying log g cut from
Shetrone et al. (2019)) as shown by Equation 2.1. This relationship can be applied to

the RGB stars within the metallicity range —1.2 < [Fe/H| < 40.3 based on our sample.
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Comparison with asteroseismic results of APOKASC and APO-K2 suggests that
[C/N] based ages are at least as reliable, if not more reliable for measuring giant star ages
in this log g range. As APOKASC results suggest that [C/N] based ages are consistent
within 10% for 99.77% of giants and APO-K2 results suggest that [C/N] based ages are
consistent within 10% for 99.92% of giants.

We find that the majority of stars that are found to be “older than the Universe” are
either (1) rapidly rotating, (2) in a binary system, or (3) a combination of the two. As
this relationship is being applied to a greater sample one should try to exclude binaries
and rapidly rotating stars to build a reliable sample.

With this new calibration, we can now age-date over 45% of all SDSS/APOGEE DR17
sample, 300,000+ stars. This will allow us to gain a better insight into more regions of
the Galaxy, as we are no longer restricted to the metal-rich disk, and will allow us to
paint a more coherent picture of our Galaxy’s evolution, that will be explored in Otto et

al. in prep.

4.2 The Impact of Atomic Diffusion on Stellar Abun-

dance Measurements

Atomic diffusion is a process that has long been ignored, as it has previously been de-
termined to be negligible as a surface abundance variation. However, as surveys become
more accurate and precise, we find that this stellar process should be no longer be ne-

glected. In this work, we have investigated atomic diffusion signatures within two open
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clusters: NGC 752 and Ruprecht 147. We found that NGC 752 has significant signa-
tures of atomic diffusion while Ruprecht 147 is inconclusive with current data quality.
With ESA Gaia allowing us to accurately measure absolute magnitudes for stars at and
around the turnoff, where the affect of atomic diffusion is maximum, neglecting atomic
diffusion will result in systematically incorrect metallicities resulting in incorrect age de-
terminations. As large scale spectroscopic surveys start to use these stars (e.g., GALAH;
Hayden et al. 2022), the impact of neglecting the effect of atomic diffusion will introduce
systematics that will affect the interpretation of Galactic evolution. There needs to be
an increase sample of clusters with full coverage of the cluster to calibrate the change in

surface abundance, which we hope to address in future work.
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Appendix A

[C/N]-Age Linear Fit

In this appendix, we present, for completeness, a linear fit to the cluster sample, which
we chose not to use due producing numerous stars that would be deemed older than the

age of the Universe.

A.1 Linear Fit Results

After application of these additional membership and cluster age cuts the sample used
for our [C/N]-age calibration (Figure 2.6) is comprised of the 49 clusters (530 stars) from
Spoo et al. (2022) plus four globular clusters: 47 TUC, M 71, M 4, and M 5 (31 stars).
The full sample covers an age range of 8.62 < log[Age(yr)] < 10.13 and a metallicity range
of —1.2 < [Fe/H] < +0.3. The individual globular cluster stars used in the calibration

extension are shown in Table 2.2.
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A.1.1 The Extended DR17 [C/N]| Abundance/Age Calibration

In log-log space the relationship between stellar age and [C/N] appears to be linear; our

best fit is given by

log[Age(yr)]pri7 = 10.23 (£0.08) + 2.48 (+0.20) [C/N] (A1)

and yields a Pearson coefficient of R = 0.86. The linear fit given by Equation 2.1
and shown in Figure 2.6 uses an Orthogonal Distance Regression (ODR) method, from
the scipy package ODR, to ensure errors in [C/N] and log[Age (yr)] were both equally

considered in our fit.

A.2 Comparison to Asteroseismic Ages

A natural comparison can be done to asterosiesmic-based ages. For this work we com-
pared to the APOKASC 3 survey (Pinsonneault et al. 2018, Pinsonneault et al. in prep.)
and the recently released APO-K2 (Schonhut-Stasik et al. 2024). The APOKASC 3
survey uses a combination of APOGEE and Kelper data to obtain stellar ages while
APOK-K2 uses a combination of APOGEE and K2 data (Warfield et al. 2024). Warfield
et al. (2024) also recalculated ages for the the APOKASC2 stars with their age deter-
mined method. The following sections details our comparison to the two surveys and our

verification of our [C/N]-ages.
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Figure A.1: The [C/N] versus log(Age[yr]) distribution for the final sample, composed of
Spoo et al. (2022) open cluster sample and globular clusters: 47 TUC, M 71, M 4, and M
5. Clusters represented by blue circles are from the final calibration sample of Spoo et al.
(2022). Globular clusters 47 TUC, M 71, M 4, M 5, are represented with an indigo square,
an orange thin-diamond, a cyan left-triangle, and a red right-triangle, respectively. Our
new linear fit is shown as a solid black line, and the fit’s error envelope is shown with the
grey region. The accepted age of the Universe is shown as a vertical grey-dashed line.
The open clusters used in our asteroseismic age comparison are NGC 1817, NGC 2682
(M 67), NGC 6791, NGC 6811, and NGC 6819 and are shown in black outlined orange
diamond, red square, green circle, red diamond, and blue triangle, respectively.

A.2.1 APOKASC 3

There are 6004 stars in our sample that is also in APOKASC 3. There are four open
clusters and no globular clusters that are common between our sample and APOKASC
3, but only three open clusters were found to have reliable cluster membership based on

OCCAM probabilities, hence we compare only these three clusters were compared on a
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Figure A.2: Alog[Age(yr)] as a function of APOKASC3 log[Age (yr)] (top) and [C/N]-
based log[Age (yr)| (bottom). The grey-gradient shaded regions represent bins of field
stars; darker bins imply more stars. The green circles and blue triangles represent cluster
member stars common to both samples NGC 6791 and NGC 6819, respectively. The
vertical dashed lines are the Cantat-Gaudin et al. (2020) determined ages for each cluster
and the respective shaded regions shows the error in cluster age. The horizontal grey-
dashed line is where Alog[Age(yr)] = 0 with the surrounding grey region representing
a delta of —0.1 and +0.1. The vertical grey-dotted line shows the accepted age of the
Universe. Median representative error bars are shown in each panel.
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star-by-star basis.

For further verification, we apply our calibrations to open clusters that are also in
the APOKASC sample: NGC 6791 and NGC 6819, shown in Figure 2.7. We find that
our calculated ages from the DR17 calibration are consistent to the ages determined in
Cantat-Gaudin et al. (2020) for all three clusters. The spread in the [C/N]-calibration
ages within the cluster is due to the uncertainty of [C/N] in the individual cluster mem-
bers, but such a spread is expected because our calibration is based on the average [C/N]
abundance of the cluster.

The outlier stars from NGC 6791 that are older than the Universe, shown with green
circles that are between the vertical grey dotted line and log[Age(yr)] = 10.50 in the
bottom panel of Figure A.2, both are found to be in binary systems by Price-Whelan
et al. (2020) while only one is found to be rapidly rotating by Patton et al. (2024). The
one found to be rapidly rotating is the green circle around log[Age(yr)] = 10.25 and
just to the right of the vertical grey dotted line that represents the accepted age of the
Universe. Since the star is rapidly rotating, this usually indicates that mass transfer or
tidal interactions has occurred, so the determined mass may not indicate age as well as
potentially changing the surface abundance of carbon and nitrogen. Another thing to
note for the rapidly rotating stars, the APOGEE DRI17 pipeline assumes giants are not
significantly rotating and the broadening effects that are not accounted for will change
the observed carbon and nitrogen abundance.

Stars that are calculated to be older than the Universe only make up 4% of our
sample, where about third of those stars we find them to be rapidly rotating (Patton
et al. 2024) and/or in a binary system (Price-Whelan et al. 2020) which could change the
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observed surface abundance of carbon and nitrogen (Bufanda et al. 2023). Comparison
with APOKASC results suggests that [C/N] based ages can be trusted to 10% for 98.1%

of giants.

A.2.2 APO-K2

There are 6881 stars in our sample that are also in APO-K2. There are 10 open clusters
and no globular clusters that are common between our sample and APO-K2, but only
three open clusters were found to have reliable cluster membership based on OCCAM
probabilities, hence we compare only these three clusters were compared on a star-by-star
basis.

For further verification, we apply our calibrations to open clusters that are also in the
APO-K2 sample, NGC 2682 (M 67), and the APO-K2 recalibrated APOKASC 2 sample,
NGC 6791 and NGC 6819, as shown in Figure A.3. We find that our calculated ages from
the DR17 calibration are more consistent with the ages determined in Cantat-Gaudin
et al. (2020) for three of the four clusters than APO-K2. For both, APO-K2 and this
work, the ages of stars within NGC 2682 (M 67) are under estimated. From Figure A.1,
the cluster NGC 2682 is further off the linear fit than the other APO-K2 cluster used in
our comparison and explains why we show a discrepancy between our derived ages and
the Cantat-Gaudin et al. (2020) ages used in our calibration. This discrepancy could
be due to either additional effects in the APOGEE measurement of [C/N] (most NGC
2682 stars are significantly higher S/N which many reveal weaker lines) or there may be

a systematic in the isochrone fitting age determination of NGC 2682 by Cantat-Gaudin
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Figure A.3: Alog[Age(yr)] as a function of APO-K2 log[Age (yr)] (top) and [C/N]-
based log[Age (yr)| (bottom). The grey-gradient shaded regions represent bins of field
stars; darker bins imply more stars. The red squares, green circles, and blue triangles
represent cluster member stars common to both samples NGC 2682 (M 67), NGC 6791,
and NGC 6819, respectively. The vertical dashed lines are the Cantat-Gaudin et al.
(2020) determined ages for each cluster and the respective shaded regions shows the
error in cluster age. The horizontal grey-dashed line is where Alog[Age(yr)] = 0 with
the surrounding grey region representing a delta of —0.1 and +0.1. The vertical grey-
dotted line shows the accepted age of the Universe. Median representative error bars are
shown in each panel.
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et al. (2020), similar to as is seen in Figure 6. of Hunt & Reffert (2023) where blue
stragglers affect the main sequence turn off location for older clusters from their work
as well as Cantat-Gaudin et al. (2020) and Kharchenko et al. (2013). Stars that are
calculated to be older than the Universe only make up 20% of our sample, where a third
of those stars we find to be in a binary system (Price-Whelan et al. 2020) which could
change the observed surface abundance of carbon and nitrogen (Bufanda et al. 2023).
Stars older than the Universe that were present in the APO-K2 catalog, were checked for
binarity in common proper motion (using Gaia DR3) and assess for unresolved binaries
using astrometric errors and markers (via priv. comm. regarding Schonhut-Stasik in
prep.). Similarly, the spread in the [C/N]-calibration ages is due to the uncertainty of
[C/N] in the individual cluster members, but such a spread is expected because our
calibration is based on the average [C/N] abundance of the cluster. Comparison with
APO-K2 results suggests that [C/N] based ages can be trusted to 10% for 99.5% of giants,

as shown in Figure A.3.
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Appendix B

Alternative SDSS/APOGEE DR17

Pipeline Comparison

In this appendix, we present our work on the effects of atomic diffusion within NGC 752
and Ruprecht 147, where we did a quick comparison of two versions of the ASPCAP
pipelines (Turbospectrum 20 & SynSpec NLTE).

The first comparison we did was compare the uncalibrated (raw) effective temper-
ature, as shown in Figure B.1. The top portion of Figure B.1 is the one-to-one plot,
where the two raw effective temperatures are plotted against each other and majority of
the OCCAM sample follow one-to-one trend. The two pipelines begin to diverge around
6000 K, where the pipeline using the Turbospectrum 20 spectral library determined T s
hotter than the pipeline using the SynSpec NLTE spectral library, this is shown in more
detail in the bottom portion of Figure B.1.

It appears cluster NGC752 is affected the most by which pipeline is being used to
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determine T.;¢. Also, M 67 seems to also shown to be affected by this as well but not
as drastically. In particular, stars at the turnoff seem to be determined hotter with
Turbospectrum 20 than with SynSpec NLTE.

We also did a comparison of raw effective temperature to the uncalibrated abundances
of [Fe/H], [Mg/H], and [Si/H], as shown in Figures B.2, B.3, and B.4, respectively. The
stars within these plots are colored by their uncalibrated surface gravityy (raw logg).
Here, we can see giant stars (those in dark blue-purple) and parts of the MS (those in
yellow) agree well between the two pipelines. As we approach the turn off, the pipeline
disagree more. For NGC 752, we think it might be an effect of where grid edges are
based on Figure 2 in the DR16 analysis paper (Holtzman et al. 2018, priv. conv. with
Chris Hayes). Note the changes between the pipeline for Mg is inconclusive as Mg is an
element that is affect by NLTE effects.

We compared the raw abundances of Fe, C, Mg, Si, Ca, and Ti to MIST models for
both pipelines. In Figures B.5, B.6, and B.7, there is a shift in the abundances depending
on which pipeline you use. In particular, the NGC 752 plot of Figure B.5 shows the
pipeline using SynSpec NLTE shows greater variation in [Fe/H] near the turnoff than
the pipeline using Turbospectrum 20, this can be seen as the same star between the two

pipelines are connected.
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Figure B.2: A[Fe/H| raw values as a function of AT, s raw values, where delta is defined
as SSNLTE — Turbo20(Sph.). The grey dashed vertical and horizontal lines represents
where A = 0 for both [Fe/H| and T.f;. The markers are colored by their uncalibrated
surface gravity outputted by FERRE.
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Figure B.3: A[Mg/H] raw valuse as a function of AT, s raw values. Similar markings
are Figure B.2.
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Appendix C

Globular Cluster & OCCAM DR17

Sample Calibration sample

Table C.1: Calibration Globular Cluster Sample Stellar Data from APOGEE DRI17.

Cluster 2MASS ID Teyys log(g) [Fe/H)] [C/N] Red
name (K) (dex) (dex) (dex)

a
=
=
o}

Globular Cluster Stars

47 TUC 2M00204027—-7201425 4753 +12 2.46+0.04 —0.69 +0.01 0.16 £0.13 N
47 TUC 2MO00215813—-7158147 4809 +15 2.46+0.04 —0.71+0.01 0.16 £ 0.11 N
47 TUC 2M00231815—7211516 4814 +16 2.39+0.04 —0.76+0.01 0.13+£0.15 N
47 TUC 2M00251382—7159103 4813+ 15 2.37£0.04 —0.79+0.01 0.17£0.12 N
47 TUC 2MO00233065—7150017 4756 =12 2.36 £0.03 —0.70=+0.01 0.16 £0.11 N
47 TUC 2M00235608—-7141488 4811 +15 2.39+0.04 —0.75+0.01 0.25 £ 0.20 N
M 71 2M19533271+1841101  4825+15 2.73+0.04 —0.70=+0.01 0.10 £ 0.07 N
M 71 2M195331144-1845204 4858 £16 2.63+0.04 —0.71+0.01 0.09 £ 0.07 N
M 71 2M19533428+4-1846550 4854 £ 11 2.47+0.03 —0.68 +£0.01 0.18 £0.13 N
M 71 2M19533989+-1844229 4858 £10 2.45+0.03 —0.72+0.01 0.22+£0.16 N
M 71 2M19534992+4-1841255 4914 +19 2.94+0.04 —0.71+0.01 0.13 £0.09 N
M 171 2M19535769+1844567 4866 £16 2.61+0.04 —0.68=+0.01 —0.22£0.20 N
M 171 2M19535018+4-1845525 4751 +13 2.38+0.04 —0.73+0.01 0.01 £0.03 N
M 71 2M19540228+1842447  4772+15 2.37+£0.04 —0.76 +0.01 0.07 £0.05 N
M 71 2M19533593+1847564 4757 +£10 2.40+0.03 —0.75+0.01 —0.04 £0.12 N
M 4 2M16223348—-2631308 5050 +13 2.82+£0.04 —1.08+0.01 0.37 £0.26 N
M 4 2M16225050—-2642162 5291 £16 2.28+0.04 —1.224+0.01 0.00 +£0.18 N

Continued on next page
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Table C.1 — Continued

Cluster 2MASS ID Teyy log(g) [Fe/H] [C/N] Red
name (K) (dex) (dex) (dex)  Clump

M 4 2M16231475—2645281 5063 +14 2.98£0.04 —1.05+0.01 0.51 +£0.37 N
M4 2M16232148—-2638354 5272+ 16 2.23+0.04 —1.20+0.01 —0.37+£0.27 N
M4 2M16233193—-2631314 5397 +39 2.23£0.06 —1.22+0.02 —0.25+£0.47 N
M 4 2M16233236—2629222 4932+12 2.62+£0.04 —1.05+0.01 0.18 £0.18 N
M 4 2M16233621—-2640002 4982+ 17 2.62£0.04 —1.08+0.01 —0.22+0.22 N
M 5 2M151752064+-0159462 4994 + 14 2.45+0.04 —1.21+0.01 0.22 +0.26 N
M5 2M151755544-0217164 4991 +17 2.35£0.04 —1.124+0.01 —0.13£0.10 N
M5 2M151816194-0205358 5001 14 2.29+£0.04 —1.15+0.01 —0.28 £0.23 N
M 5 2M15182846+4-0159283 4866 + 16  2.22+0.05 —1.294+0.01 0.16 + 0.22 N
M5 2M15182917+0159269 4908 +£17 2.17+£0.05 —1.23+0.01 —0.45+0.33 N
M5 2M151837204-0208197 4887 +29 2.16 £0.07 —1.26+0.02 —0.24£0.21 N
M5 2M15183873+0208200 4890+ 14 2.20+£0.04 —1.16=+0.01 —0.13 +£0.09 N
M5 2M15183915+0205301 4940+ 19 2.37£0.05 —1.23+0.01 0.17+0.13 N
M5 2M15183975+0212333  4992+19 2.39+£0.05 —1.23+0.01 —0.24£0.35 N

Open Cluster Stars from Spoo et al. (2022)

Berkeley 17 2M05195385+3035095 4665 + 9 2.60+0.03 -0.12£0.01 —0.23 £0.02 N
Berkeley 17 2M05202118+3035544 4799+ 9 2.47 +0.02 -0.15+0.01 —0.16 £0.02 N
Berkeley 17 2M05202905+3032414 4783 +13 2.84+£0.03 -0.20+0.01 —0.18 £0.03 N
Berkeley 17 2M05203121+3035067 4820+ 9 2.49+0.02 -0.19£0.01 —0.14 £0.02 N
Berkeley 17 2M05203650+3030351 4444+ 6 1.98+0.02 -0.17£0.01 —0.15£0.02 N
Berkeley 17 2M05203799+3034414 4307 £ 6 1.93£0.02 -0.18 £0.01 —0.16 £ 0.02 N
Berkeley 17 2M05204143+3036042 4824 +9 2.494+0.03 -0.2240.01 —0.14 £0.02 Y
Berkeley 17 2M05204488+3038020 4807 £ 8 2.43+£0.02 -0.21 +£0.01 —0.21 £0.02 Y
Berkeley 18 2M05211671+4533170 4220 £ 6 1.43+0.02 -0.40+£0.01 —0.32 £0.02 N
Berkeley 18 2M05214927+4525225 5126 +£19 2.65+£0.04 -0.33+0.01 —0.26 +£0.05 Y
Berkeley 18 2M05215476+4526226 4309 £+ 6 1.56 £0.03 -0.40£+0.01 —0.35+0.02 N
Berkeley 18 2MO052157044-4521220 4941 +£17 2.38 £0.04 -0.38 £0.01 —0.57£0.04 N
Berkeley 18 2M0522060744520585 4524 £ 9 1.88£0.03 -0.36 +£0.01 —0.33+£0.03 N
Berkeley 18 2M05220741+4525388 4675+ 12 2.13+£0.03 -0.34+0.01 —0.29 £0.03 N
Berkeley 18 2M052210654-4528494 4425+ 7 1.77+0.03 -0.40£0.01 —0.33 £0.02 N
Berkeley 18 2M05221426+4527000 4901 +15 2.20£0.04 -0.41+0.01 —0.27 £ 0.04 Y
Berkeley 18 2M05221874+4-4525191 4656 =12 2.08 £0.03  -0.36 +0.01 —0.33+£0.03 N
Berkeley 18 2M052219194-4529451 4136 £ 5 1.27£0.02 -0.4240.01 —0.37 £0.02 N
Berkeley 18 2M05222413+-4522021 4620 £ 9 1.92 +0.03 -0.40 £ 0.01 —0.32£0.03 N
Berkeley 18 2M052225564-4525370 4686 =12 2.10£0.03 —0.39+0.01 —0.30 £0.03 Y
Berkeley 18 2M05222722+4520061 4961 +17 2.45+£0.04 —0.36+0.01 —0.33 £0.05 N
Berkeley 18 2M05222848+4523173 4392+ 6 1.72£0.03 —0.38+0.01 —0.35+0.02 N
Berkeley 18 2M05222878+4-4527249 4188 £5 1.39+0.02 —0.40=£0.01 —0.34 £0.02 N
Berkeley 18 2M05223696+-4524397 4875+ 15 2.24+0.04 —0.37+0.01 —0.34 +£0.04 N
Berkeley 18 2M05224064+4523367 4189 £ 5 1.35£0.03 —0.43+0.01 —0.34 £0.02 N
Berkeley 18 2MO052257044-4529067 4606 =13 2.01£0.04 —0.35+0.01 —0.36 £0.04 N
Berkeley 2 2M00250565+6021271 5135+ 18 2.69+£0.03 —0.21+0.01 —0.224+0.04 Y
Berkeley 2 2M00250674+6024147 4931 £ 9 2.27+0.02 —0.214+0.01 —0.53 £ 0.02 N
Berkeley 2 2M00251546+-6022048 4335+ 6 1.55£0.02 —0.24+0.01 —0.53 +£0.02 N
Berkeley 2 2M002516454-6021452 5083 +15 2.89+£0.03 —0.17+0.01 —0.37£0.04 N

Continued on mext page
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Table C.1 — Continued

Cluster 2MASS ID Teyy log(g) [Fe/H] [C/N] Red
name (K) (dex) (dex) (dex)  Clump

Berkeley 2 2M002518194-6023338 5152 +18 2.68 £0.03 —0.22+0.01 —0.36 £0.04 N
Berkeley 2 2M00252162+6023369 5157 +18 2.78 £0.03 —0.19+0.01 —0.28 £0.04 N
Berkeley 21 2M05513844+4-2147196 4534 +10 1.90£0.03 —0.27+0.01 —0.36 £0.03 N
Berkeley 21 2M05514277+2149599 4528 +£11 1.94+£0.03 —0.26 +0.01 —0.36 £0.03 N
Berkeley 21 2M05514944+4-2146597 4521 +12 1.90£0.04 —0.29+0.01 —0.33 £0.03 Y
Berkeley 22 2M05582594+0746114  4417+11 1.80+£0.03 —0.34=+0.01 —0.38 £0.03 N
Berkeley 22 2MO055831714-0745185 4895+15 2.28£0.03 —0.26+0.01 —1.03+0.04 Y
Berkeley 22 2M05583211+0747091 4637 +11 2.12+£0.03 —0.36 +0.01 —0.37+£0.03 N
Berkeley 22 2M05583458+0744390 4898 +16 2.54+£0.04 —0.32+0.01 —0.40 £0.04 Y
Berkeley 22 2MO055838184-0745527 4133 £5 1.27+0.02 —-0.38+0.01 —0.39 £0.02 N
Berkeley 29 2M06530386+1655157 4099 £ 8 1.19£0.03 —0.51+0.01 —0.29 £0.03 N
Berkeley 29 2M06530436-+1655541 3982+ 5 0.99+£0.03 —0.55=+0.01 —0.27 £0.02 N
Berkeley 31 2M06573113+0816069 3914+4 0.95+0.02 —0.45+0.01 —0.28 £ 0.02 N
Berkeley 31 2M06573740+0815591 4629 +12 1.91+£0.03 —0.41+0.01 —0.28 £0.03 N
Berkeley 53 2M20554232+5106153 47357  2.32+£0.02 —0.09+0.01 —0.47 £0.02 N
Berkeley 53 2M20554936+5106545 4442 £+ 6 1.88£0.02 —0.12+0.01 —0.46 £+ 0.02 N
Berkeley 53 2M20554998+5102175 4709+ 10 2.25+£0.03 —0.13+0.01 —0.59 +£0.03 N
Berkeley 53 2M20555767+5103206 4933 £ 9 2.49+0.02 —0.15+£0.01 —0.44 £0.02 N
Berkeley 53 2M20555959+5100466 4920+ 16 2.56 £0.03 —0.15+0.01 —0.56 +0.04 N
Berkeley 53 2M20561018+5102389 4851 £ 8 2.37+0.02 —0.09 +£0.01 —0.57 £ 0.02 N
Berkeley 66 2MO030403714-5844017 4926 =15 2.48£0.03 —0.22+0.01 —0.27 £0.04 Y
Berkeley 66 2M03041010+5845484 4516 £ 9 2.04+0.03 —0.24+£0.01 —0.314+0.03 N
Berkeley 66 2M03041368+5843387 4925+ 15 2.51+£0.03 —0.20=+0.01 —0.32+0.04 Y
Berkeley 66 2M03042113+-5845433 4118 £5 1.39£0.02 —0.24+0.01 —0.30 £ 0.02 N
Berkeley 66 2MO03043163+4-5844477  4440+10 1.93£0.03 —0.21+0.01 —0.30 £0.03 N
Berkeley 71 2M05404312+3217303 5210+ 11 3.10£0.02 —0.23+0.01 —0.48 £0.03 N
Berkeley 71 2M054054424-3217298 5183+ 11 2.75£0.02 —0.23+0.01 —0.52£0.03 N
Berkeley 71 2M05405484+3215567 5231 +15 2.81+£0.03 —0.24+0.01 —0.66 +0.04 N
Berkeley 71 2M05405503+-3214099 5212+ 12 2.86£0.03 —0.24+0.01 —0.55+0.03 N
Berkeley 71 2MO05405956+4-3215182 5187+ 14 2.88£0.03 —0.22+0.01 —0.49 £0.03 N
Berkeley 75 2M06485504—2359271 4376 £ 7 1.58 £0.03 —0.42+0.01 —0.43 £0.02 N
Berkeley 75 2M06490297—-2359294 5010 +17 2.41+£0.04 —0.39+0.01 —0.50 £ 0.05 N
Berkeley 75 2M06491539—-2359187 4979+ 17 2.39+£0.04 —0.41+0.01 —0.59 +£0.05 Y
Berkeley 85 2M20183476+3740565 4380 £ 5 1.91 £0.02 0.09 +0.01 —0.42 +£0.01 N
Berkeley 85 2M20183785+3743009 4336 £5 1.87 £0.02 0.12+0.01 —0.42 £0.01 N
Berkeley 85 2M20184444-+3747447 4822+ 9 2.70 £ 0.02 0.01+£0.01 —0.43 £0.02 Y
Berkeley 85 2M20184497+3744174 4262+ 5 1.77 £0.02 0.09 £ 0.01 —0.38 £0.01 N
Berkeley 85 2M20184563+3742464 4834 £ 8 3.056+0.02 —0.02+0.01 —0.42 £ 0.02 N
Berkeley 85 2M20184620+4-3744194 4449 +6 2.00 £ 0.02 0.11+£0.01 —0.46 £0.01 N
Berkeley 85 2M20185346+3745129 4174 £ 8 1.54 £0.03 0.04 +£0.01 —0.36 £ 0.02 N
Berkeley 85 2M20185602+3740479 4853 £ 8 2.77+0.02 —0.01+0.01 —0.40 £ 0.02 Y
Berkeley 85 2M20185677+3747580 4891 £+ 8 3.08 £ 0.02 0.01 £0.01 —0.40 £ 0.02 N
Berkeley 85 2M20190397+3745002 4411 £ 6 1.99 £ 0.02 0.09 +0.01 —0.43 +£0.01 N
Berkeley 98 2M22423380+5226576 4652+ 12 2.41+£0.03 —0.07=+0.01 —0.38 £0.03 Y
Berkeley 98 2M22423502+5222084 4577+ 10 2.38£0.03 —0.03 +£0.01 —0.38 £ 0.02 N
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Berkeley 98 2M224241074-5225224 5014 +13 2.65+£0.03 —0.04+0.01 —0.53£0.03 N
Berkeley 98 2M22425469+5227482 4837+ 11 2.63+£0.03 —0.04+0.01 —0.26 +0.03 Y
Berkeley 98 2M22430145+4-5226205 4839+ 12 2.64£0.03 —0.05+0.01 —0.26 £ 0.03 N
Czernik 20 2M05201330+3931005 5108 +£17 2.83+£0.03 —0.18+0.01 —0.40 £0.04 N
Czernik 20 2M05202738+3930571 5129+ 15 2.97+£0.03 —0.16+0.01 —0.32 +£0.04 N
Czernik 20 2M05202775+3932378 5123 +18 3.05+£0.03 —0.18+0.01 —0.40 £0.04 N
Czernik 20 2M05204153+3934173 5099+ 16 2.84+£0.03 —0.19+0.01 —0.59 +£0.04 N
Czernik 21 2M05263726+3600404 5012+12 2.68£0.03 —0.32+0.01 —0.27 £0.03 N
Czernik 21 2M05264047+3602191 4920+ 14 2.58 £0.03 —0.33+0.01 —0.29 +£0.04 N
Czernik 30 2MO07310830—0956359 4419+ 7 1.76 £0.03 —0.39+0.01 —0.37 £0.02 N
Czernik 30 2MO07311590—-0955415 4580+ 11 2.06 £0.03 —0.39+0.01 —0.324+0.03 N
ESO 211 03 2M08512078—-5017501 5140 +18 2.90+£0.03 —0.14+0.01 —0.52 +£0.04 N
ESO 211 03 2M08512256—-5016382 5164+ 16 2.84+£0.03 —0.14+0.01 —0.50 £ 0.04 N
ESO 211 03 2M08512262—-5014009 5156 =15 2.74+£0.03 —0.18 +0.01 —0.55 +£0.04 N
ESO 211 03 2M08512802—-5013308 5124+ 15 2.89+£0.03 —0.21+0.01 —0.37 £0.04 N
ESO 211 03 2MO08513338—5016060 5188 +16 2.88+0.03 —0.11+0.01 —0.51 +£0.04 Y
ESO 211 03 2M08513366—5014516 5202+ 17 2.92+0.03 —0.16+0.01 —0.71 +£0.04 N
ESO 211 03 2M08513535—5012106 5058 12  2.62+0.03 —0.15+0.01 —0.56 +0.03 Y
ESO 211 03 2MO08513726—5013252 5096 =14 2.64£0.03 —0.17+0.01 —0.50 £0.03 N
ESO 211 03 2M08513967—-5011330 5188+ 17 2.93+£0.03 —0.14+0.01 —0.47 +£0.04 Y
ESO 211 03 2M08513973—-5015079 5150+ 14 2.73+£0.03 —0.17+0.01 —0.60 £ 0.03 Y
ESO 211 03 2MO08514065—5016095 5160+ 15 2.77£0.03 —0.18 +£0.01 —0.60 £ 0.04 N
ESO 211 03 2M08514067—-5017226 5137+ 17 2.82+£0.03 —0.20+0.01 —0.49 £0.04 Y
ESO 211 03 2M08514660—-5016233 5119+ 14 2.73+£0.03 —0.20+0.01 —0.54 +£0.03 Y
ESO 211 03 2M08515153—-5017362 5177+16 2.90+£0.03 —0.16=+0.01 —0.50 £ 0.04 N
ESO 211 03 2M08515806—5015416 5166 =17 2.83+£0.03 —0.18+0.01 —0.43 £0.04 Y
ESO 518 03 2M16464504—2558201 4162 £ 5 1.65 £ 0.02 0.05 +0.01 —0.36 £0.01 N
ESO 518 03 2M16465144—2546306 4773+ 7  2.57 £0.02 0.17+0.01 —0.45 £ 0.02 N
ESO 518 03 2M16470166—2547374 4805+ 8 2.71 £0.02 0.09 £0.01 —0.44 £0.02 N
ESO 518 03 2M16472991—-2544594 4786 £ 8 2.55 +0.02 0.12+0.01 —0.53 +£0.02 N
FSR 0494 2MO002533734-6345239 5070+ 16 2.85+£0.03 —0.02+0.01 —0.55+0.04 N
FSR 0494 2M00253400+6346574 5090 +£17 2.83+£0.03 —0.02+0.01 —0.51 +£0.04 Y
FSR 0494 2M00253826+6344101 5125+ 17 3.00£0.03 —0.01+0.01 —0.52 +£0.04 Y
FSR 0494 2M00255011+6343565 5120+ 17 2.92£0.03 0.03 £0.01 —0.51 +£0.04 Y
FSR 0494 2M00260027+6343287 5101 +18 2.91+£0.03 —0.04=+0.01 —0.45 £ 0.04 Y
FSR 0937 2M06133791+1500575 4242+ 6 1.30£0.02 —0.39+0.01 —0.48 +£0.02 N
FSR 0937 2M06135003+1502266 5087 £ 15 2.68 £0.03 —0.35+0.01 —0.39 £0.04 N
IC 166 2M01514975+6150556 5167 +£18 2.97+£0.03 —0.08 +0.01 —0.55 +£0.04 N
IC 166 2M01515473+6148552 5145+ 18 2.93+£0.03 —0.09+0.01 —0.51 +£0.04 N
IC 166 2MO015200064-6153008 5151 +£17 2.95£0.03 —0.03+0.01 —0.44 £0.04 N
IC 166 2M01521509+6151407 5113 +16 2.85+£0.03 —0.08+0.01 —0.57 £0.04 Y
IC 166 2M01522060+6150364 5184 +20 3.06£0.03 —0.06 +0.01 —0.44 +£0.04 N
IC 166 2M01522077+6153186 5341 +20 2.95+£0.03 —0.09+0.01 —0.78 £0.04 N
IC 166 2M01522357+6154011  5152+19 2.91+£0.03 —0.10+0.01 —0.49 £0.04 N
IC 166 2MO015229534-6151427 4851+ 11 2.53£0.03 —0.10+0.01 —0.33£0.03 N
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IC 166 2MO015233244-6152050 5200 +20 3.00£0.03 —0.10+0.01 —0.49 £0.04 N
IC 166 2M01523513+6154318 5162+ 16 2.94+£0.03 —0.11=+0.01 —0.62 +£0.04 N
IC 166 2M01524136+6151507 5166 =20 3.00£0.03 —0.08 +0.01 —0.49 £0.04 N
IC 166 2MO015245154-6153369 5141 +16 3.00£0.03 —0.12+0.01 —0.24 £0.04 N
IC 166 2M01525543+6148504 5049 +15 2.71+£0.03 —0.10+0.01 —0.33 £0.04 N
King 5 2M03140915+5237511 5125+ 11 2.89+£0.02 —0.14+0.01 —0.44 +£0.03 N
King 5 2M03142548+5247355 4306 £+ 6 1.62£0.02 —0.18+0.01 —0.47 £0.02 N
King 5 2M03142784+4-5242408 5075+ 10 2.75£0.02 —0.14+0.01 —0.51 £0.02 N
King 5 2M03154012+4-5242565 5063 =13  3.01 +£0.03 —0.18 £0.01 —0.46 +£0.03 N
Melotte 71 2M07372210—-1205264 5129 +10 3.11£0.02 —0.15+0.01 —0.44 £0.03 N
Melotte 71 2MO07373589—-1205094 5068 +10 2.75+£0.02 —0.17=+0.01 —0.48 +£0.02 N
Melotte 71 2M07374269—1207058 51154+10 2.81£0.02 —0.13+0.01 —0.52 £0.02 N
NGC 1193 2M03060593+4421203 4740+ 12 2.37£0.03 —0.34+0.01 —0.18 £0.03 Y
NGC 1193 2M03060785+4425167 3954 £ 4 1.08 +£0.02 —0.37+0.01 —0.28 £ 0.02 N
NGC 1193 2M03060808+4423347 4779+ 14 2.53+£0.04 —0.34+0.01 —0.25 +£0.04 N
NGC 1245 2MO03135098+4-4722010 5124 +13 2.89£0.03 —0.05+0.01 —0.49 £0.03 N
NGC 1245 2M03140839+4716330 5153 +15 2.97+£0.03 —0.09+0.01 —0.47 +£0.03 N
NGC 1245 2M03141134+4709173 45757  2.02+£0.02 —0.16+0.01 —0.48 £ 0.02 Y
NGC 1245 2M031412684-4717315 5146 +12 2.89£0.03 —0.11+0.01 —0.55+0.03 N
NGC 1245 2M03142464+4711327 5155+ 14 2.99+£0.03 —0.10+0.01 —0.49 £0.03 N
NGC 1245 2M03143100+4714204 5148 +13 2.93+£0.03 —0.08+0.01 —0.59 +£0.03 N
NGC 1245 2MO031432564-4716277 5156 =13 2.93£0.03 —0.10+0.01 —0.41 £0.03 N
NGC 1245 2M03143819+4720444 5116 £10 2.87+£0.02 —0.08+0.01 —0.48 +£0.02 N
NGC 1245 2M03143888+4-4718202 5150+ 14 2.96£0.03 —0.10+0.01 —0.30 £0.03 N
NGC 1245 2M03143977+4714400 5103 +12 2.86+£0.03 —0.09+0.01 —0.57 +£0.03 N
NGC 1245 2M03144021+4715280 5135+ 12 2.93+£0.02 —0.08=+0.01 —0.43 £0.03 N
NGC 1245 2M03144698+4-4711579 5143 +13 3.02£0.03 —0.10+0.01 —0.29 £0.03 N
NGC 1245 2M03145265+4719245 5144+13 2.91+£0.03 —0.12+0.01 —0.36 £0.03 N
NGC 1245 2M03145273+4714033 5177 +12 2.97+£0.03 —0.07+0.01 —0.48 £0.03 N
NGC 1245 2MO031455184-4712146 5153 +12 2.97£0.02 —0.06+0.01 —0.44 £0.03 N
NGC 1245 2M03145841+4708245 5170+13 2.96+£0.03 —0.12+0.01 —0.55+0.03 N
NGC 1245 2M031459504+-4721138 5124 +12 2.98+£0.03 —0.04+0.01 —0.40 £0.03 N
NGC 1245 2M03150241+4719582 5144+ 14 2.96+£0.03 —0.09+0.01 —0.59 +£0.03 N
NGC 1245 2M03150510+4714411  5144+14 3.00£0.03 —0.06 +0.01 —0.36 £ 0.03 N
NGC 1245 2M03150614+4-4716352 5110+ 12 2.94+£0.03 —0.10+0.01 —0.58 £0.03 N
NGC 1245 2M03151244+4708556 5151 +13 2.97+£0.03 —0.08+0.01 —0.57 £ 0.03 N
NGC 1245 2M03151253+4717291  5139+12 2.96+£0.03 —0.06+0.01 —0.43 +£0.03 N
NGC 1245 2M031515604-4714338 5138 £12 2.88£0.03 —0.13+0.01 —0.55+0.03 N
NGC 1245 2M03151881+4712051 5148 +£12 2.93+£0.03 —0.09+0.01 —0.53 £0.03 N
NGC 1245 2MO03151975+4-4713477 5131 +12 2.88+£0.02 —0.08+0.01 —0.42 +0.03 Y
NGC 1798 2M05112383+4742003 4840+ 13 2.36£0.03 —0.28+0.01 —0.38 £0.03 Y
NGC 1798 2M05112446+-4740027 45177 1.86 +£0.03 —0.30+0.01 —0.44 £ 0.02 N
NGC 1798 2M05113450+4741177 5105+ 17 2.76£0.03 —0.26 +0.01 —0.36 +£0.04 N
NGC 1798 2M05113666+4741482 4733 £ 9 2.13+0.03 —0.29+0.01 —0.47 £0.02 Y
NGC 1798 2M05113768+4-4742329 4812+11 2.31£0.03 —0.29+0.01 —0.29 £0.03 Y
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NGC 1798 2M051140064-4739238 4742 £ 8 2.16 £0.02 —0.27+£0.01 —0.46 £0.02 N
NGC 1798 2M05114134+4740406 4856 +13  2.43+£0.03 —0.27+0.01 —0.35+0.03 N
NGC 1798 2M051144224-4741517  51254+18 2.81£0.04 —0.25+0.01 —0.43 £0.04 N
NGC 1798 2M051146264-4743422 4691 £ 9 2.16 £0.03 —0.28£0.01 —0.44 £0.02 N
NGC 1798 2M05114795+4740258 3991 £5 1.01£0.02 —0.35+0.01 —0.42 +£0.02 N
NGC 1817 2M05114991+1650417  5134+10 2.85+£0.02 —0.16=+0.01 —0.60 £ 0.03 N
NGC 1817 2M05122932+1635549 5150+ 16 3.15+£0.03 —0.12+0.01 —0.32 +£0.04 N
NGC 1817 2M05125364+4-1649336 5088 £10 2.82+£0.02 —0.14+0.01 —0.51 £0.02 N
NGC 1817 2M05130181+1641144 4760 +12 2.38£0.03 —0.18 +0.01 —0.38 £0.03 Y
NGC 1817 2M05134177+1643290 5096 +10 2.78 £0.02 —0.17+0.01 —0.40 £0.03 N
NGC 188 2M00320079+8511465 4506 £ 6 2.42+0.02 0.07 £ 0.01 —0.19 +£0.02 N
NGC 188 2M00350924+8517169  4672+7  2.38 £0.02 0.05+0.01 —0.25 £ 0.02 Y
NGC 188 2M004119804-8501269 4723 £7  2.85£0.02 0.08 £0.01 —0.26 £0.02 N
NGC 188 2M004151974-8527070 4660 £7  2.40 £ 0.02 0.08 £ 0.01 —0.26 +0.02 Y
NGC 188 2M00420095+-8516249 4876 =10  3.29 £0.02 0.11+0.01 —0.24 £0.02 N
NGC 188 2M00422316+4-8520336 4868 =10  3.18 £0.02 0.04 £0.01 —0.20 £ 0.02 N
NGC 188 2M00422570+8516219 4634+ 7  2.67 £0.02 0.05+0.01 —0.25 +£0.02 N
NGC 188 2M00441241+8509312 4058 £ 4 1.56 £0.02 —0.01+0.01 —0.17£0.01 N
NGC 188 2M00444460+4-8532163 4809 £7  3.11 £0.02 0.13+£0.01 —0.19 £ 0.02 N
NGC 188 2M00445253+8514055 4437 £ 6 2.22+0.02 0.04 +£0.01 —0.21 £0.01 N
NGC 188 2M004536974-8515084 4762 +£7  2.94£0.02 0.07£0.01 —0.27 £0.02 N
NGC 188 2M00455119+4-8518082 4461 £ 6 2.31 +£0.02 0.05 +0.01 —0.19 +£0.01 N
NGC 188 2M00463004+8511518 4845 £+ 8 3.23 £0.02 0.07 £ 0.01 —0.22 £0.02 N
NGC 188 2M00463374+8514342 4795+ 7  3.10 £0.02 0.11+0.01 —0.28 £ 0.02 N
NGC 188 2M00463920+8523336 4387 £ 6 2.12+0.02 0.04 +0.01 —0.43 +£0.01 N
NGC 188 2M00465966-+8513157 4650 £ 7 2.38 +£0.02 0.04 £0.01 —0.23 £0.02 Y
NGC 188 2M00471847+48519456 4594 £ 6 2.54 +0.02 0.05 +0.01 —0.27 £0.02 N
NGC 188 2M00472975+-8524140 4701 £7  2.67£0.02 0.11+0.01 —0.43 £0.02 N
NGC 188 2M004732224-8511024 4860 £ 9 3.20 £ 0.02 0.10 £0.01 —0.21 £0.02 N
NGC 188 2M00485910+4-8512294 4763 £7  2.98 £0.02 0.08 £ 0.01 —0.26 +0.02 N
NGC 188 2M00490560+8526077 4533 £ 6 2.44 +0.02 0.06 +0.01 —0.21 £0.02 N
NGC 188 2MO005121764-8512377 47057  2.76 £0.02 0.06 £0.01 —0.29 £0.02 N
NGC 188 2M005334974-8511145 47057  2.80+0.02 0.04 +£0.01 —0.25 +£0.02 N
NGC 188 2MO00533572+4-8520583 4587 £ 6 2.58 +0.02 0.08 £0.01 —0.30 £0.02 N
NGC 188 2MO00541152+8515231 4673+ 7 241 £0.02 0.06 £0.01 —0.21 £0.02 Y
NGC 188 2M00542287+8455398 4830 £ 8 3.12+0.02 0.05+0.01 —0.25 +£0.02 N
NGC 188 2M00543664+8501152 4680 £ 7 2.39 £0.02 0.08 £0.01 —0.28 £0.02 Y
NGC 188 2M00571844+8510288 4631 +7  2.41 £0.02 0.09 +0.01 —0.24 £0.02 Y
NGC 188 2M00581691+8540183 4662+ 7  2.44 £0.02 0.10+0.01 —0.23 £0.02 Y
NGC 188 2M01003483+4-8503198 4837 £ 8 3.15 +£0.02 0.08 £0.01 —0.26 £0.02 N
NGC 188 2M01015206+4-8506329 4099 + 4 1.65 £ 0.02 0.05+0.01 —0.19 +£0.01 N
NGC 188 2M01025280+4-8517563 4512+ 6 2.37 +£0.02 0.03 +£0.01 —0.22 £0.02 N
NGC 1907 2M05274905+3520101 5095+ 10 2.89+£0.02 —0.13+0.01 —0.51 +£0.02 N
NGC 1907 2M05280420+3519163 4948 £9 2.49+0.02 —-0.13+£0.01 —0.64 £ 0.02 N
NGC 1907 2M05281205+3520195 5128 10 2.98+£0.02 —0.12+0.01 —0.44 £0.02 N
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NGC 2158 2M060705104-2404469 4668 £ 8 2.11+£0.02 —0.26 £0.01 —0.42 £0.02 Y
NGC 2158 2M06071310+2405474 5022+ 15 2.61+£0.03 —0.25+0.01 —0.28 £0.04 N
NGC 2158 2M06071407+2406547 4429 £ 6 1.68 £0.02 —0.29+0.01 —0.50 £ 0.02 N
NGC 2158 2M060714944-2407517 4569 £ 8 2.06 £0.03 —0.24+£0.01 —0.36 £0.02 N
NGC 2158 2M06071553+2409479  5117+16 3.00£0.03 —0.25+0.01 —0.26 +0.04 Y
NGC 2158 2M06071664+4-2405284 4537+9 1.96 +£0.03 —0.254+0.01 —0.40 £0.03 N
NGC 2158 2M06071696+2402007 4949+ 16 2.58£0.04 —0.20=+0.01 —0.21+£0.04 Y
NGC 2158 2M06071764+2410276 5070+ 16 2.58 £0.03 —0.27+0.01 —0.42 +£0.04 Y
NGC 2158 2MO06071787+2405542 4447+ 6 1.90+£0.02 —-0.23+0.01 —0.36 £0.02 N
NGC 2158 2M06071884+2401400 5176 +£19 3.08£0.04 —0.24+0.01 —0.24 +£0.05 N
NGC 2158 2M06072149+2404559 4755+ 12 2.35+£0.03 —0.25+0.01 —0.38 £0.03 N
NGC 2158 2M060721944-2404169  5182+16 2.97£0.03 —0.25+0.01 —0.35+0.04 N
NGC 2158 2M06072254+2407093 4970 +£12 2.53+£0.03 —0.27+0.01 —0.33 +£0.03 N
NGC 2158 2M06072333+4-2402417 4876 +16 2.69+0.04 —0.20+0.01 —0.30 £ 0.04 N
NGC 2158 2M06072443+2400524 4906 =15 2.55+£0.03 —0.26 +0.01 —0.34 +£0.04 Y
NGC 2158 2M06072582+2407472 5013 +17 2.71+£0.04 —0.29+0.01 —0.14 +£0.04 N
NGC 2158 2M060725944-2402252 4796 =12 2.44£0.03 —0.23+0.01 —0.26 £0.03 Y
NGC 2158 2M06072597+2406079  5132+18 3.27+£0.04 —0.25+0.01 —0.13 +£0.05 N
NGC 2158 2M06072624+2409568 4997+ 16 2.73+£0.03 —0.23+0.01 —0.19 £ 0.04 N
NGC 2158 2M060726764-2404394 5018 £16 2.95£0.03 —0.21+0.01 —0.30 £0.04 N
NGC 2158 2M06072822+2408020 5078 +14 2.74+£0.03 —0.24+0.01 —0.40 £0.04 N
NGC 2158 2M06072907+42402151 4945+ 13 2.60£0.03 —0.20=+0.01 —0.42 +0.03 Y
NGC 2158 2M060729184-2408185 4993 +13 2.60£0.03 —0.24+0.01 —0.44 £0.03 N
NGC 2158 2M06072940+2408441 5017+15 2.73+£0.03 —0.19+0.01 —0.29 +£0.04 N
NGC 2158 2M06073032+4-2407227 4928 £12 2.49+£0.03 —0.28+0.01 —0.48 £0.03 Y
NGC 2158 2M06073145+2403076 4991 +17 2.97+£0.04 —0.24+0.01 —0.28 £0.04 N
NGC 2158 2M06073211+4-2409457 4823 +12 2.52£0.03 —0.26 +0.01 —0.30 £ 0.03 Y
NGC 2158 2M060732324-2404361 5101 +£17 2.98£0.03 —0.25+0.01 —0.34 £0.04 N
NGC 2158 2M060736364-2405001 4986 =15 2.68 +£0.03 —0.23 £0.01 —0.36 £0.04 Y
NGC 2158 2M06073638+2403137 4986 + 14 2.53+£0.03 —0.27+0.01 —0.42 +£0.04 N
NGC 2158 2M060736524-2407000 5008 =16 2.57£0.03 —0.26 +0.01 —0.36 £0.04 N
NGC 2158 2M06073794+2403315 5003 +16 2.59+£0.03 —0.24+0.01 —0.30 £ 0.04 N
NGC 2158 2M060739174-2409098 4982+ 15 2.57+£0.03 —0.21+0.01 —0.38 £0.04 N
NGC 2158 2M06073998+2403546 4961 +14 2.59+£0.03 —0.26 +0.01 —0.39 £0.04 Y
NGC 2158 2M06074028+2408430 5172+19 3.18£0.04 —0.22+0.01 —0.29 £0.05 N
NGC 2158 2M060741624-2405540 4905+ 14 2.54£0.03 —0.25+0.01 —0.32£0.04 Y
NGC 2158 2M06074219+2403305 4943 +14 2.49+£0.03 —0.22+0.01 —0.39 £0.04 N
NGC 2158 2M06074272+2402514 4993 +15 2.60+£0.03 —0.29+0.01 —0.35+0.04 N
NGC 2158 2M060744374-2405053 5002+ 14 2.86£0.03 —0.24+0.01 —0.27£0.04 N
NGC 2158 2M06074629+4-2406533 5013 +14 2.724+0.03 —0.22+0.01 —0.27 £ 0.04 Y
NGC 2158 2M06074904+4-2404398 4787+ 11 2.34£0.03 —0.28+0.01 —0.324+0.03 Y
NGC 2204 2M06145122—1842463 4933 +16 2.62+£0.04 —0.25+0.01 —0.48 £0.04 Y
NGC 2204 2M06145845—1838429 4285+ 6 1.44+0.02 —-0.32+0.01 —0.47 £0.02 N
NGC 2204 2M06150387—1841076 4965 +13 2.55+£0.03 —0.28 +£0.01 —0.37+£0.03 N
NGC 2204 2M06151360—1841498 4941+ 12 2.41+£0.03 —0.30=+0.01 —0.44 +£0.03 Y
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NGC 2204 2M06152020—1837581 5024 +£15 2.65+£0.03 —0.27+0.01 —0.41 £0.04 N
NGC 2204 2M06152142—1835512 4712+ 8 2.09+0.02 —0.26 +0.01 —0.58 +£0.02 Y
NGC 2204 2M06152617—-1831462 4996 + 13  2.56 £0.03 —0.25+0.01 —0.414+0.03 N
NGC 2204 2M06153043—1838239 4764 £ 9 2.31+£0.03 —0.28£0.01 —0.42 £0.02 N
NGC 2204 2M06153140—1842562 4073 £ 5 1.14£0.02 —0.33+0.01 —0.43 £0.02 N
NGC 2204 2M06153192—1839369 4533 £ 7 1.79+0.02 —-0.31+0.01 —0.48 £0.02 N
NGC 2204 2M06153393—-1837216 ~ 4714 £ 8 2.12+0.02 —0.28 +£0.01 —0.45 £ 0.02 N
NGC 2204 2M06153589—-1841098 4765+ 12 2.31£0.03 —0.27+0.01 —0.36 £0.03 N
NGC 2204 2M06153666—1846527 3904 + 4 0.87+0.02 —0.36 £0.01 —0.37 £0.02 N
NGC 2204 2M06153696—1836091 4989 +13 2.52+£0.03 —0.29+0.01 —0.424+0.03 N
NGC 2204 2M06154038—-1846370 4498 £ 7 1.84 £0.02 —0.30+0.01 —0.46 £+ 0.02 N
NGC 2204 2M06154536—1843351 4986 £12 2.53£0.03 —0.25+0.01 —0.61 £0.03 N
NGC 2204 2M06154970—1837393 4577 £ 7 1.88£0.02 —0.30=+0.01 —0.49 +£0.02 N
NGC 2204 2M06155099—-1834182 4956 + 12  2.57£0.03 —0.26 +0.01 —0.36 £ 0.03 Y
NGC 2204 2M06160212—1838467 4929 +11 2.38£0.03 —0.31+0.01 —0.14 +£0.03 Y
NGC 2204 2M06161325—1844156 5007 +£12 2.54+£0.03 —0.27+0.01 —0.40 +£0.03 Y
NGC 2243 2M06292939—-3115459 5043 +14 2.51+£0.03 —0.44+0.01 —0.32+0.04 Y
NGC 2243 2M06293009—-3116587 4693 £ 8 1.97£0.03 —0.53+0.01 —0.354+0.03 N
NGC 2243 2M06293565—3117110 5088 £17 2.62+£0.04 —0.42+0.01 —0.53 £0.05 Y
NGC 2243 2M06294150—3114360 4772+ 11 2.30£0.03 —0.46 +0.01 —0.25 4+ 0.03 N
NGC 2243 2M06294583—-3115382 5030+ 14 2.48+0.03 —0.46+0.01 —0.39 £0.04 Y
NGC 2243 2M06295100—3114428 4930 +£17 2.59£0.04 —0.50=+0.01 —0.28 £0.05 Y
NGC 2304 2M06550345+1759521 4814 £+ 8 2.434+0.02 —0.16£0.01 —0.39 £ 0.02 Y
NGC 2304 2M06551430+1759075 5199+ 17 3.09+£0.03 —0.13+0.01 —0.41 +£0.04 N
NGC 2324 2M07035166+0106381 4920+ 9 2.414+0.02 —-0.23+£0.01 —0.48 £0.02 N
NGC 2324 2M07040031+0058168 4533 £ 7 1.80 £0.02 —0.19+0.01 —0.64 +£0.02 N
NGC 2324 2M07040114+4-0106040 5226 =11 2.90£0.02 —0.22+0.01 —0.55+0.03 N
NGC 2324 2M070413534-0102051 5216 £11 3.01£0.02 —0.22+0.01 —0.45£0.03 N
NGC 2420 2M07380545+2136507 4866 £ 9 2.70+0.02 —0.214+0.01 —0.30 £ 0.02 Y
NGC 2420 2MO073806274-2136542 4768 £ 8 2.45+0.02 —0.24+£0.01 —0.30 £0.02 N
NGC 2420 2MO07381507+2134589 4193 £ 5 1.48 £0.02 —0.27+0.01 —0.33 £0.02 N
NGC 2420 2MO07381549+2138015 4923 £ 9 2.59+0.02 —-0.22+£0.01 —0.32 £0.02 Y
NGC 2420 2M07381822+2132062 4936 £ 9 2.57+0.02 —0.18 £0.01 —0.38 £0.02 N
NGC 2420 2MO07382114+2131418 5099+ 12 2.87+£0.03 —0.19+0.01 —0.50 +£0.03 Y
NGC 2420 2M07382148+2135050 4911+9 2.75+£0.02 —0.18£0.01 —0.33 £0.02 Y
NGC 2420 2M07382166+2133514 4559 £ 7 1.97£0.02 —0.25+0.01 —0.38 £0.02 N
NGC 2420 2M07382195+2135508 4903 £ 9 2.59+0.02 —0.17+0.01 —0.34 £0.02 N
NGC 2420 2M07382208+4-2136432 4940 £ 9 2.52+0.02 —-0.21+£0.01 —0.35£0.02 Y
NGC 2420 2M07382406+2132148 4934+ 9 2.53+0.02 —0.23+0.01 —0.35+0.02 N
NGC 2420 2MO07382670+4-2128514 4923 +10 2.62+£0.03 —0.18 +0.01 —0.36 £ 0.03 N
NGC 2420 2MO07382696+4-2138244 4867 £ 9 2.47+0.02 —-0.19+£0.01 —0.34 £0.02 Y
NGC 2420 2M07382724+2133166 4970+ 9 2.95+0.02 —0.18 £0.01 —0.28 £ 0.02 N
NGC 2420 2M07382984+-2134509 4821+ 8 2.70+£0.02 —-0.21+£0.01 —0.32 £0.02 N
NGC 2420 2MO07383760+2134119 4942+ 9 2.64+0.02 —0.20+0.01 —0.28 £ 0.02 Y
NGC 2447 2M07441988—-2352345 5082+10 2.75£0.02 —0.11+0.01 —0.55 £ 0.02 N
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NGC 2447 2M07442573—2349529 5077 +£10 2.74£0.02 —0.11+0.01 —0.52 £0.02 N
NGC 2447 2M07443366—2351422 5092+ 10 2.75+£0.02 —0.09+0.01 —0.59 +£0.02 N
NGC 2682 2M08501230+1151246 3987 £ 5 1.43+0.02 —0.05+0.01 —0.27 £0.02 N
NGC 2682 2M08504964+1135089  4772+7  2.73£0.02 0.00 £ 0.01 —0.38 £0.02 N
NGC 2682 2M08510839+1147121 4957+ 9 3.28 +£0.02 0.02 +£0.01 —0.25 £ 0.02 N
NGC 2682 2MO08511269+1152423 4773 £ 8 2.50+0.02 —0.01+0.01 —0.33 £0.02 Y
NGC 2682 2MO08511704+1150464 47507  2.68£0.02 —0.05=+0.01 —0.38 £ 0.02 N
NGC 2682 2M08511710+1148160 4449 £ 6 2.144+0.02 —0.00=+£0.01 —0.34 £0.02 N
NGC 2682 2MO08511897+1158110 4959 £ 9 3.21+£0.02 0.01 +£0.01 —0.35 £ 0.02 N
NGC 2682 2M08512156+1146061 4778 £7  2.79£0.02 0.03 £ 0.01 —0.42 +£0.02 Y
NGC 2682 2MO08512280+4-1148016 4760 £7  2.46 £0.02 0.02£0.01 —0.41 £0.02 Y
NGC 2682 2M08512618+1153520 4784 £ 8 2.47+0.02 —0.01+0.01 —0.39 +£0.02 Y
NGC 2682 2MO08512898+1150330 4738 £7  2.43 £0.02 0.00 £ 0.01 —0.37 £0.02 Y
NGC 2682 2MO08513577+1153347 4952+ 9 3.19+0.02 —0.01+0.01 —0.30 £0.02 N
NGC 2682 2M08513938+1151456 4913 £ 8 3.12+0.02 0.01 +£0.01 —0.31 +£0.02 N
NGC 2682 2M08514234+1150076 4811+ 8 2.94 +0.02 0.02 +£0.01 —0.34 £0.02 N
NGC 2682 2M08514235+1151230 4768 £7  2.71+£0.02 —0.01=+0.01 —0.39 +£0.02 N
NGC 2682 2M08514388+1156425 4783 £ 8 2.47+0.02 0.00 £ 0.01 —0.41 +£0.02 N
NGC 2682 2M08514507+1147459 4817+ 8 2.84+0.02 —0.00=+£0.01 —0.38 £0.02 N
NGC 2682 2M08515952+-1155049 4784 £ 8 2.46 +£0.02 —0.02+0.01 —0.38 £0.02 Y
NGC 2682 2M08521856+1144263 4763 £10 2.49 £0.03 0.00 £ 0.01 —0.35+0.02 N
NGC 4337 2M12235244—-5806564 4887 £ 8 2.75+0.02 0.24 £ 0.01 —0.55 +£0.02 Y
NGC 4337 2M12235611—-5806378 4894+ 11  2.87 £0.02 0.24+0.01 —0.49 £ 0.02 N
NGC 4337 2M12235665—5807252 4861 £ 9 2.81 +0.02 0.25+£0.01 —0.49 +£0.02 N
NGC 4337 2M12240101-5807554 4339 £ 5 1.91 £0.02 0.21 +£0.01 —0.48 £0.01 N
NGC 4337 2M12240586—5807152 4907 £10 2.75£0.02 0.21+£0.01 —0.54 £0.02 N
NGC 4337 2M12241575—-5808502 4882+ 8 2.79 +£0.02 0.21 +£0.01 —0.49 +£0.02 N
NGC 6791 2M19202447+3746139 4417+ 8 2.46 £ 0.02 0.31+0.01 —0.19 £0.02 N
NGC 6791 2M19203005+3750191 4487+ 10 2.44£0.03 0.32+0.01 —0.17 £ 0.02 N
NGC 6791 2M19203266+3746221 4297 £ 8 2.28 +0.02 0.34 £0.01 —0.16 £ 0.02 N
NGC 6791 2M19203519+3748579 3925+ 6 1.53 £0.02 0.27 £0.01 —0.14 £0.02 N
NGC 6791 2M19203585+3746520 4364 £ 8 2.35+0.02 0.34 +£0.01 —0.17 £0.02 N
NGC 6791 2M19203922+3744372 4541 £ 8 2.23 +£0.02 0.35+0.01 0.04 £0.02 N
NGC 6791 2M19203934+3748048 4259 £ 8 2.21 +£0.03 0.27 £0.01 —0.15 £ 0.02 N
NGC 6791 2M19204197+3747541 4498 £+ 8 2.44 +0.02 0.30 £ 0.01 —0.17 £ 0.02 N
NGC 6791 2M19204228+3745548 4490 £ 8 2.40 £ 0.02 0.34 £0.01 —0.14 £0.02 N
NGC 6791 2M19204356+3747019 4299 £+ 8 2.14+£0.03 0.29 +£0.01 —0.19 £ 0.02 N
NGC 6791 2M19204367+3746416 4343 £ 6 2.35+0.02 0.34 +£0.01 —0.18 £0.01 N
NGC 6791 2M192044854-3746215 4021 £ 7 1.72+£0.03 0.29 £0.01 —0.15£0.02 N
NGC 6791 2M19204532+3747179 4519 £ 8 2.38 £ 0.02 0.30 £ 0.01 —0.14 +£0.02 Y
NGC 6791 2M19204557+3739509 4488 £ 9 2.42 +0.02 0.41 +£0.01 —0.22 £0.02 Y
NGC 6791 2M19204570+3754354 4479 £ 8 2.38 £0.02 0.34 £0.01 —0.12£0.02 Y
NGC 6791 2M19204635+3750228 3867 £ 4 1.40 £ 0.02 0.28 £0.01 —0.17 £ 0.01 N
NGC 6791 2M19204965+3744077 4491+ 9 2.33+0.03 0.32+0.01 —0.16 £0.02 N
NGC 6791 2M192049714-3743426 3515+3 0.82 +0.02 0.24 +£0.01 —0.08 £0.01 N
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NGC 6791 2M192052434-3747152 4580 £ 8 2.78 £0.02 0.31+0.01 —0.20 £0.02 N
NGC 6791 2M19205247+3750154 4459 £ 10 2.55£0.03 0.24 +£0.01 0.01 £0.02 N
NGC 6791 2M19205259+3744281 4020 £ 7 1.71£0.03 0.29 +£0.01 —0.14 £ 0.02 N
NGC 6791 2M19205338+4-3748282 4006 =4 1.61 +£0.02 0.32+0.01 —0.18 £0.01 N
NGC 6791 2M19205499+3745410 4501 +£7  2.61 £0.02 0.31+£0.01 —0.19 £ 0.02 N
NGC 6791 2M19205510+4-3747162 3897+ 4 1.44 +0.02 0.28 £0.01 —0.20 £0.01 N
NGC 6791 2M192055304-3743152 4242+ 7  2.19£0.02 0.30 £0.01 —0.18 £ 0.02 N
NGC 6791 2M19205770+3749012 4491 £ 8 2.64 +0.02 0.36 £ 0.01 —0.19 £ 0.02 N
NGC 6791 2M192057844-3747067 4533 £10 2.66 £ 0.03 0.32+0.01 —0.16 £0.02 N
NGC 6791 2M19205874+3743130 4486 £ 9 2.36 +0.02 0.35+0.01 —0.16 £ 0.02 Y
NGC 6791 2M19210052+3750188 4458 £10 2.64 £0.03 0.23 +£0.01 —0.08 £ 0.02 N
NGC 6791 2M192100864-3746396 4493 £10 2.31 £0.03 0.33+0.01 —0.15£0.02 Y
NGC 6791 2M19210094+3741101 4477+ 9 2.63 £ 0.02 0.36 £ 0.01 —0.14 £ 0.02 N
NGC 6791 2M19210145+3748051 4594 £ 8 2.85 4+ 0.02 0.35+0.01 —0.20 £ 0.02 N
NGC 6791 2M19210417+3746226 4589 £+ 8 2.78 £0.02 0.33£0.01 —0.19 £ 0.02 N
NGC 6791 2M19210426+3747187 4107 £ 5 1.78 £0.02 0.31+£0.01 —0.15+0.01 N
NGC 6791 2M19210483+3741036 4487+ 9 2.45 4+ 0.03 0.31+0.01 —0.12£0.02 N
NGC 6791 2M19210604+3752049 4519+ 10 2.69 £0.03 0.30 £ 0.01 —0.20 £ 0.02 N
NGC 6791 2M19210807+3749084 4537 £ 8 2.67 £ 0.02 0.32+0.01 —0.20 £ 0.02 N
NGC 6791 2M192110074-3750008 4456 £ 8 2.54 +£0.02 0.28 £0.01 —0.19 £0.02 N
NGC 6791 2M19211164+3750483 4519 £ 8 2.69 +0.02 0.34 +£0.01 —0.17 £ 0.02 N
NGC 6791 2M19211606+3746462 3527+ 3 0.76 £ 0.02 0.234+0.01 —0.11£0.01 N
NGC 6791 2M192117254-3743187 4422 £8 2.17 +£0.02 0.39 £0.01 0.07 £ 0.02 Y
NGC 6811 2M19365580+4627376 5096 =10 3.01 £0.02 —0.06 £ 0.01 —0.51 £0.02 N
NGC 6811 2M19365712+4622425 5113 +10 2.97+£0.02 —0.08+0.01 —0.50 £ 0.02 N
NGC 6811 2M19370267+4623130 5097 +£10 3.01£0.02 —0.06 +0.01 —0.58 +£0.02 N
NGC 6811 2M193722084-4632505 5056 =10 2.90£0.02 —0.04+0.01 —0.49 £0.02 N
NGC 6811 2M19373462+4624098 4948 £ 9 2.67+0.02 —0.04+0.01 —0.53 £0.02 Y
NGC 6811 2M19375017+4607465 5112+10 2.96+£0.02 —0.05=+0.01 —0.53 £0.02 N
NGC 6819 2M19403684+4015172 4901 £ 14 3.04 £0.03 0.10+0.01 —0.324+0.03 N
NGC 6819 2M19404803+4008085 4577 £ 6 2.26 +£0.02 —0.01+0.01 —0.38 £0.02 Y
NGC 6819 2M19404965+-4014313 4726 £9 2.62 +0.02 0.04 £0.01 —0.33 £0.02 N
NGC 6819 2M19405020+4013109 4765 £ 8 2.59 +0.02 0.09 £ 0.01 —0.32 +£0.02 N
NGC 6819 2M19405601+4013395 4885+ 12 2.92£0.03 0.04 £0.01 —0.34+0.03 N
NGC 6819 2M19405797+4008174 4835+ 8 2.56 + 0.02 0.06 £0.01 —0.53 £0.02 Y
NGC 6819 2M19410524+4014042 4793 £10 2.58 £0.03 0.06 +0.01 —0.37 £0.02 Y
NGC 6819 2M19410622+4-4010532 4876 =12  2.93 £0.03 0.05 +£0.01 —0.37£0.03 N
NGC 6819 2M19410858+4013299 4780+ 7  2.53 £0.02 0.06 + 0.01 —0.36 £ 0.02 Y
NGC 6819 2M19410926+4014436 4800 £+ 8 2.59 +0.02 0.06 +0.01 —0.30 £ 0.02 Y
NGC 6819 2M194109914-4015495 4783 +£10 2.54 £0.03 0.00 £0.01 —0.34 £0.02 Y
NGC 6819 2M19410994+4009056 4973 +13 3.07£0.03 —0.05=+0.01 —0.30 £0.03 N
NGC 6819 2M19411102+4-4011116 4953 £ 9 2.51 +0.02 0.04 £0.01 —0.64 £ 0.02 N
NGC 6819 2M19411115+4011422 4661 +£7  2.25 £0.02 0.06 £0.01 —0.49 £ 0.02 Y
NGC 6819 2M19411224+4011338 4696 =7  2.48 £0.02 0.04 +0.01 —0.36 +0.02 N
NGC 6819 2M19411279+4012238 4792 £ 8 2.52 +0.02 0.05 +£0.01 —0.43 £0.02 N
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NGC 6819 2M19411345+4011561 4807+ 9 2.57 £0.02 0.02 +£0.01 —0.28 £0.02 N
NGC 6819 2M19411355+4012205 4830 £ 8 2.55 +0.02 0.02 +£0.01 —0.39 +£0.02 N
NGC 6819 2M19411367+4003382 4709 £+ 8 2.46+£0.02 —0.01+£0.01 0.15 4+ 0.02 N
NGC 6819 2M194114764-4011008 4889 £ 8 2.63 +£0.02 0.08 £0.01 —0.63 £0.02 N
NGC 6819 2M19411564+4010105 4774 +£10 2.58 £0.03 0.07 £ 0.01 —0.34 £0.02 N
NGC 6819 2M19411631+4-4005508 4794 £ 8 2.82 +0.02 0.00 £0.01 —0.32 £0.02 N
NGC 6819 2M19411705+4010517 4097 £ 5 1.55£0.02 —0.03+0.01 —0.28 £0.01 N
NGC 6819 2M19411776+4009158 4977+ 9 2.77+0.02 0.05+0.01 —0.70 £ 0.02 N
NGC 6819 2M19411893+4011408 4696 + 8 2.61 +0.02 0.02 +£0.01 —0.34 £0.02 N
NGC 6819 2M19412136+4011002 4651 £ 9 2.50 £ 0.03 0.02 +£0.01 —0.34 £0.02 N
NGC 6819 2M19412147+4013573 4782+ 7  2.53 £0.02 0.07 £ 0.01 —0.38 £ 0.02 N
NGC 6819 2M19412176+4012111 46407  2.47£0.02 0.05 £0.01 —0.35£0.02 N
NGC 6819 2M19412222+4016442 4676 £7  2.50 £ 0.02 0.01 +£0.01 —0.39 +£0.02 Y
NGC 6819 2M19412245+4012033 4960 £ 11  2.86 £ 0.03 0.06 £+ 0.01 —0.35+0.03 N
NGC 6819 2M19412386+4021444 4819+ 8 2.61 +0.02 0.05 £0.01 —0.34 £0.02 Y
NGC 6819 2M19412658+4011418 4488 £ 6 2.09 £ 0.02 0.00 +0.01 —0.32 +£0.02 N
NGC 6819 2M19412707+4012283 4595 £+ 6 2.42 +0.02 0.01 +£0.01 —0.38 £0.02 N
NGC 6819 2M19412915+4013040 4809 £+ 8 2.55 +0.02 0.05 +0.01 —0.34 £0.02 Y
NGC 6819 2M19412942+4014199 4713+ 9 2.62 +0.02 0.04 +0.01 —0.35+0.02 N
NGC 6819 2M194129534-4012210 4771 £7  2.52£0.02 0.06 £0.01 —0.35£0.02 N
NGC 6819 2M19413027+4015218 4791 £ 8 2.50 +0.02 0.03 £ 0.01 —0.36 +0.02 Y
NGC 6819 2M19413330+4012349 4656 7  2.35+£0.02 —0.02+0.01 —0.42 £ 0.02 N
NGC 6819 2M19413439+4-4017482  4182+5 1.67 £ 0.02 0.02£0.01 —0.29 £0.01 N
NGC 6819 2M19413444+4008462 4791 £ 8 2.56 +0.02 0.04 +0.01 —0.37 £0.02 N
NGC 6819 2M194144274-4005527 4616 £ 7 2.39+£0.02 —0.01+£0.01 —0.39 £0.02 Y
NGC 6819 2M19415064+4016010 4884 £ 12  2.96 £ 0.03 0.08 £0.01 —0.38 £0.03 N
NGC 6866 2M20032282+4-4415502 5096 =10  2.95£0.02 0.01 +£0.01 —0.52 £0.02 N
NGC 6866 2M20035516+4408242 5116 £10  3.07 £0.02 0.00 £ 0.01 —0.61 +£0.02 N
NGC 752 2M01551261+3750145 5015+ 9 2.90+0.02 —0.05+0.01 —0.49 £0.02 N
NGC 752 2M01551528+3750312 4927+ 9 2.83+0.02 —0.06+0.01 —0.43 £0.02 Y
NGC 752 2M01552765+3759551 5042+ 9 2.86+0.02 —0.04+£0.01 —0.44 £ 0.02 N
NGC 752 2MO01562163+4-3736084 4838 £8 2.64+0.02 —0.07£0.01 —0.45 £0.02 Y
NGC 752 2M01582981+4-3751374 5041 +10 2.87+0.02 —0.07+0.01 —0.43 £0.02 N
NGC 7789 2M23543902+5653346 4932+ 9 2.66 +£0.02 —0.03+0.01 —0.42 +£0.02 Y
NGC 7789 2M23554966+5639180 4512+ 6 2.07+0.02 —0.02+0.01 —0.44 +£0.02 N
NGC 7789 2M23555312+5641203 4405 £ 6 1.93+0.02 —0.05+0.01 —0.40 £ 0.02 N
NGC 7789 2M235554284-5646375 5019+ 9 3.02+0.02 —0.08 £0.01 —0.36 +£0.02 N
NGC 7789 2M23555992-+5640286 5009 £9 2.84+0.02 —0.04+0.01 —0.42 +£0.02 N
NGC 7789 2M23560772+4-5635418 4989 £ 9 2.82 +£0.02 0.06 £0.01 —0.55£0.02 N
NGC 7789 2M23560776+5636057 5011 £ 9 2.82+0.02 0.02 +£0.01 —0.46 £+ 0.02 N
NGC 7789 2M23561401+5648414 4895+ 8 2.65 +0.02 0.02 +£0.01 —0.47 £0.02 Y
NGC 7789 2M23561924+5644479 5009 £ 9 2.80+0.02 —0.03+0.01 —0.42 £0.02 N
NGC 7789 2M23562937+5655192 4980 £ 9 2.95+0.02 —0.01+0.01 —0.28 +0.02 N
NGC 7789 2M23562953+5648399 4947+ 9 2.75+0.02 —0.06 £0.01 —0.41 £0.02 Y
NGC 7789 2M23563201+5632590 4456 £+ 6 1.97£0.02 —0.08+0.01 —0.38 £0.02 N
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Cluster 2MASS ID Teyy log(g) [Fe/H] [C/N] Red
name (K) (dex) (dex) (dex)  Clump

NGC 7789 2M235636324-5645024 5174 +14 3.27£0.03 —0.08+0.01 —0.02£0.03 N
NGC 7789 2M23563930+5645242 4965 + 9 2.75+0.02 —0.02+0.01 —0.45 £ 0.02 Y
NGC 7789 2M23563958+5654443 4915+ 8 2.69 +0.02 0.02 +£0.01 —0.46 £ 0.02 N
NGC 7789 2M235643044-5650477 4941 £ 9 2.74 +£0.02 0.01 +£0.01 —0.40 £ 0.02 Y
NGC 7789 2M23564466+5625293 4945+ 9 2.65+0.02 —0.05+0.01 —0.44 £0.02 N
NGC 7789 2M235649104-5649228 5098 =10 2.84£0.02 —0.02+0.01 —0.69 £ 0.02 N
NGC 7789 2M23565053+5649208 4956 £ 9 2.74+0.02 —0.05+0.01 —0.38 £0.02 Y
NGC 7789 2M23565473+5648163 4903 £ 8 2.66 +0.02 —0.01+0.01 —0.42 +£0.02 Y
NGC 7789 2M23565527+5638268 5020 £ 9 2.77+£0.02 —-0.11+£0.01 —0.33 £0.02 N
NGC 7789 2M23565751+5645272 4606 =7  2.30£0.02 —0.03 +£0.01 —0.41 £0.02 N
NGC 7789 2M23570356+5643209 4929 £ 8 2.72+£0.02 0.02 +£0.01 —0.45 £ 0.02 N
NGC 7789 2M235707184-5643112 4792 £ 8 2.60+0.02 —0.02+£0.01 —0.44 £0.02 N
NGC 7789 2M23570744+5641417 4176 £ 5 1.60 £0.02 —0.06 £ 0.01 —0.35+0.01 N
NGC 7789 2M23570895+5648504 4984 £ 9 2.77 £ 0.02 0.02 +£0.01 —0.47 £0.02 Y
NGC 7789 2M23571013+5647167 4915+ 8 2.66 +£0.02 —0.03£0.01 —0.35 £ 0.02 Y
NGC 7789 2M23571231+5653500 4811 £ 8 2.52+0.02 —0.05+0.01 —0.19 £ 0.02 N
NGC 7789 2M23571400+5640586 4553 £ 6 2.244+0.02 —-0.03+£0.01 —0.37 £0.02 N
NGC 7789 2M23571416+5655329 4927 £ 9 2.74+0.02 —0.02+0.01 —0.44 £0.02 Y
NGC 7789 2M23571728+5645333 4987+ 11 2.84+£0.03 —0.03+0.01 —0.48 £0.03 Y
NGC 7789 2M23571847+5650271 4903 £ 8 2.65+0.02 —0.05+0.01 —0.35£0.02 Y
NGC 7789 2M23571902+5656555 5015+ 9 2.78+0.02 —0.06 +0.01 —0.44 +£0.02 N
NGC 7789 2M23571911+5635561 4599 +£7  220+£0.02 —0.05+0.01 —0.43 £0.02 N
NGC 7789 2M235719204-5640514 4897 £ 8 2.62+0.02 —0.01£0.01 —0.52 £0.02 Y
NGC 7789 2M23572492+5646363 5045+ 9 2.70+0.02 —0.03+0.01 —0.54 +£0.02 N
NGC 7789 2M235725374-5647567 4977+ 9 2.77+0.02 —0.02+£0.01 —0.40 £ 0.02 N
NGC 7789 2M235728724-5635228 5027+ 9 2.86 +£0.02 —0.01+0.01 —0.52 +£0.02 N
NGC 7789 2M23573079+5646443 4957 £ 9 2.76 +£0.02 —0.00 £+ 0.01 —0.43 £0.02 Y
NGC 7789 2M23573184+5641221 4424 £+ 6 1.97+0.02 —-0.04£0.01 —0.40 £ 0.02 N
NGC 7789 2M23573262+4-5644057 4981 +12 2.81+0.03 —0.03 £0.01 —0.43 +£0.03 N
NGC 7789 2M23573563+5640000 4952+ 10 2.79+£0.02 —0.00=+0.01 —0.41 £0.02 Y
NGC 7789 2M23573909+4-5641396 4963 £ 9 2.69+0.02 —0.02+£0.01 —0.46 £0.02 N
NGC 7789 2M23574179+5643243 4926 £ 9 2.64+0.02 —0.06 +0.01 —0.37 £0.02 Y
NGC 7789 2M23574480+5645439 4953 £ 9 2.714+£0.02 —0.05+£0.01 —0.42 £ 0.02 N
NGC 7789 2M23574581+5650413 4948 £ 9 2.72+0.02 —0.03+0.01 —0.42 +£0.02 N
NGC 7789 2M23574649+5644255 4971+ 9 2.71+0.02 —0.04+0.01 —0.49 +£0.02 Y
NGC 7789 2M23574944+5634509 4848 £8 2.74+0.02 —0.02+£0.01 —0.43 £0.02 Y
NGC 7789 2M23575047+5639226 4969 £+ 9 2.78 £0.02 0.01 +£0.01 —0.45 £ 0.02 N
NGC 7789 2M23575149+5651040 4353 £ 6 1.88£0.02 —0.04+0.01 —0.39 £ 0.02 N
NGC 7789 2M235752124-5646575 46157  2.25£0.02 —0.02+0.01 —0.40 £ 0.02 N
NGC 7789 2M23575438+4-5647439 5005+ 9 2.82+0.02 0.00 £ 0.01 —0.50 £ 0.02 Y
NGC 7789 2M23580015+5650125 4445 + 6 1.99£0.02 —0.08+0.01 —0.38 £ 0.02 N
NGC 7789 2M23580133+4-5639219 4799 £ 8 2.47+0.02 —0.05+£0.01 —0.40 £ 0.02 N
NGC 7789 2M23580197+5645216 4935+ 9 2.65+0.02 —0.08 +0.01 —0.44 +£0.02 N
NGC 7789 2M23580275+4-5647208 4764 £ 8 2.59+0.02 —0.06 £0.01 —0.41 £0.02 N
NGC 7789 2M23580474+5646234 4752+ 7  2.47+£0.02 —0.04+0.01 —0.40 £ 0.02 Y
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Cluster 2MASS ID Teyy log(g) [Fe/H] [C/N] Red
name (K) (dex) (dex) (dex)  Clump

NGC 7789 2M23580601+4-5649598 4966 £ 9 2.77+£0.02 —0.02+£0.01 —0.38 £0.02 N
NGC 7789 2M23580702+5640481 4935+ 9 2.66 + 0.02 0.00 £ 0.01 —0.40 £ 0.02 Y
NGC 7789 2M23581471+5651466 4334 £ 5 1.84 +£0.02 —0.06 +£0.01 —0.40 £ 0.02 N
NGC 7789 2M235815574-5649124 4891 £ 8 2.55+0.02 —0.06 £0.01 —0.49 £0.02 Y
NGC 7789 2M23584652+5649526 5023 £9 2.89+0.02 —0.02+0.01 —0.59 +£0.02 N
NGC 7789 2M23585008+4-5646159 5230 11 3.12£0.02 —0.09+0.01 —0.34 £0.03 N
NGC 7789 2M23593820+5650358 4898 £+ 8 2.59+0.02 —0.06£+0.01 —0.38 £0.02 Y
NGC 7789 2M23594217+5649358 4994 + 9 2.76 £0.02 —0.02+0.01 —0.50 £ 0.02 N
Ruprecht 147 19155129—-1617591 4805+ 13 2.61+0.03 0.07 £ 0.01 —0.314+0.03 N
Ruprecht 147  2M19164574—1635226 4800 £ 7 2.84 +0.02 0.124+0.01 —0.43 £0.02 N
Ruprecht 147 19180978—-1616222 4787 +13 2.61 +£0.03 0.16 £0.01 —0.40 £0.03 N
Teutsch 12 2M06253685+1336564 5111 4+16 2.59+0.03 —0.20=+0.01 —0.67 £0.04 N
Teutsch 12 2M062543354-1333557 5167 +£15 2.74£0.03 —0.22+0.01 —0.50 £0.04 N
Teutsch 12 2M06254413+1338021  5229+19 2.89+£0.03 —0.20=+0.01 —0.58 +0.04 N
Teutsch 12 2M06254974+4-1334302 5218 £18 2.88£0.03 —0.19+0.01 —0.55 £ 0.04 N
Teutsch 51 2M05534689+2648234 5184 +19 2.68£0.04 —0.32+0.01 —0.53 £0.05 N
Teutsch 51 2MO055356314-2648351 5211 +24 2.76£0.04 —0.36=+0.01 —0.52 £0.05 N
Teutsch 51 2M0553576742649296 5078 14  2.53+0.03 —0.33 £0.01 —0.49 £0.04 N
Tombaugh 2 2M07025973—-2049495 4428 £ 7 1.74+0.03 —-0.37£0.01 —0.43 £0.02 N
Tombaugh 2 2MO07030383—-2049244 5185+17 2.12+£0.03 —0.37=+0.01 —0.74 +£0.04 N
Tombaugh 2 2M07030686—2048282 4644+ 11 2.00£0.03 —0.36+0.01 —0.49 £0.03 N
Tombaugh 2 2M07031249—-2049146 5170 +17 2.44£0.03 —0.37+0.01 —0.72£0.05 N
Trumpler 20 2M12385807—6030286 4565 + 6 2.16 £ 0.02 0.07 £ 0.01 —0.46 £+ 0.02 N
Trumpler 20 2M12390411-6034001 4544+ 6 2.11 +£0.02 0.11 £0.01 —0.51 +£0.02 N
Trumpler 20 2M12390477—6041475 4993 £ 13 2.82£0.03 0.114+0.01 —0.44 £0.03 Y
Trumpler 20 2M12391003—6038402 4573 £ 6 2.15 +0.02 0.10 £0.01 —0.52 £0.02 Y
Trumpler 20 2M12391201-6036321 4965 +12  2.77 £ 0.03 0.14 +£0.01 —0.56 +0.03 N
Trumpler 20 2M12391577—6034406 4854 +11 2.79 £0.03 0.10 £ 0.01 —0.44 £0.02 N
Trumpler 20 2M12392584—6038279 4977 +£13  2.80 £ 0.03 0.13+0.01 —0.59 £0.03 N
Trumpler 20 2M12392637—6040217 4911 +11 2.71+£0.03 0.10+0.01 —0.55 +£0.02 N
Trumpler 20 2M12392699—-6036052 4878 =10 2.81 £0.02 0.114+0.01 —0.41 £0.02 N
Trumpler 20 2M12393781-6039051 4949 £11  2.72£0.02 0.14£0.01 —0.51 £0.02 N
Trumpler 20 2M12394121—-6040040 4967 =13  2.72 £0.03 0.10 £ 0.01 —0.61 +0.03 N
Trumpler 20 2M12394387—6033165 4937 11  2.78 £0.02 0.07 £ 0.01 —0.43 £0.02 N
Trumpler 20 2M12394419—-6034410 4982+ 14  2.76 £0.03 0.14+£0.01 —0.75+0.03 N
Trumpler 20 2M12394715—-6040583 46377  2.23 £0.02 0.10+0.01 —0.51 +£0.02 Y
Trumpler 20 2M12394741-6038411 4962+ 12  2.81 £0.03 0.13+0.01 —0.44 £0.03 N
Trumpler 20 2M12395555—6037267 4905+ 10  2.63 £ 0.02 0.11+0.01 —0.60 £+ 0.02 N
Trumpler 20 2M12395974—6035072 4902 +10 2.72£0.02 0.10 £0.01 —0.43 £0.02 N
Trumpler 20 2M12400110—-6031395 4882+ 11 2.69 £0.03 0.10 £0.01 —0.48 £0.02 N
Trumpler 20 2M12400260—6039545 4575+ 6 2.16 £ 0.02 0.11+0.01 —0.53 £0.02 Y
Trumpler 20 2M12400278—6041192 4954 +12 2.74 £0.03 0.134+0.01 —0.63 +£0.03 N
Trumpler 20 2M12400451—-6036566 4439 £ 6 2.07 +£0.02 0.06 £0.01 —0.38 £0.01 N
Trumpler 20 2M12400755—6035445 4506 £ 6 2.13 +£0.02 0.114+0.01 —0.45 £ 0.01 N
Trumpler 20 2M12402228—-6037419 4957 £ 11  2.78 £0.03 0.114+0.01 —0.44 £0.02 N
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Cluster 2MASS ID Teyy log(g) [Fe/H] [C/N] Red
name (K) (dex) (dex) (dex)  Clump
Trumpler 20 2M12402480—-6043101 4624 £7  2.19£0.02 0.07£0.01 —0.53 £0.02 N
Trumpler 20 2M12402949—-6038518 4591 £ 6 2.27+£0.02 0.09 +0.01 —0.47 £0.02 N
Trumpler 5 2M063531724-0924287 4809 £10 2.44£0.03 —0.43+0.01 —0.29 £0.03 Y
Trumpler 5 2M06363124+0928109 4741 £ 8 2.25+0.03 —0.47+0.01 —0.26 +£0.03 N
Trumpler 5 2M06363859+4-0938525 4854 +12 2.49+£0.03 —0.44+0.01 —0.28 £0.03 Y
Trumpler 5 2M06364193+0928117 5005+ 13 2.49+£0.03 —0.46+0.01 —0.17 £ 0.04 Y
Trumpler 5 2M06364229+-0925257 4412+ 6 1.70 £0.03 —0.46 £0.01 —0.36 £ 0.02 N
Trumpler 5 2M063645284-0923371  4835+12 2.39£0.03 —0.45+0.01 —0.30 £0.03 N
Trumpler 5 2M063647414-0919364 4894+ 15 2.61+0.04 —0.44+0.01 —0.25 +£0.04 N
Trumpler 5 2M06364804+0932335 4820+ 9 2.37+0.03 —0.45+0.01 —0.26 +0.03 Y
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ABSTRACT

MEASURING RELIABLE AGES FOR STARS: CALIBRATION OF THE [C/N]
CHEMICAL CLOCK AND THE IMPACT OF ATOMIC DIFFUSION ON
ABUNDANCE/AGE DETERMINATION OF MAIN SEQUENCE TURNOFF STARS

by Taylor M. Spoo, 2024
Department of Physics and Astronomy
Texas Christian University

Peter M. Frinchaboy III, Professor of Physics & Astronomy

In Galactic archeology, astronomers want to understand how the Milky Way formed
and evolved. To be able to “time-stamp” events in chronological order, we need a reliable
method to age-date large numbers of stars. Currently, the most reliable method is ages
coming from star clusters, but they are limited in location and number. A useful tool to
expand age-dating capabilities is chemical clocks: chemical abundances that are linked
to stellar ages. In our work, we use open and globular clusters to establish a calibration
between [C/N] and age, covering a metallicity range of —1.2 < [Fe/H| < +0.3 dex.
With this improved calibration, we can determine ages for over 300,000 stars within
the SDSS/APOGEE DR17 survey. While these chemical changes help us to estimate
ages on the red giant branch, chemical changes can also hinder age estimations in other
parts of the HR diagram. Omn the main sequence and near the turnoff, the surface
abundances of a star change from a combination of gravitational settling and radiative
acceleration working against it, a process known as atomic diffusion. In this case, the

surface abundance is not an accurate prediction of the bulk abundances that determine



the stellar age. Recent studies suggest that this effect is not negligible, and in fact the
ages derived from isochrones can be overestimated by 10-20% if atomic diffusion is not
accounted for. We use SDSS/APOGEE DRI17 to investigate atomic diffusion in the open
clusters NGC 752 and Ruprecht 147 in order to constrain the variation of atomic diffusion
signatures with age, and discuss how these results may affect the estimation of precise

ages for subgiant stars.
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