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Abstract

Stars dictate the chemical makeup of the universe as they produce almost all existing ele-
ments today. The aim of this work is to use stellar chemical abundances to test theoretical
predictions of stellar evolution during the red giant branch (RGB) phase. Furthermore, we
aim to study how a star’s evolution changes for changing mass and metallicity (heavy-element
content). From the APOGEE survey, we have identified a sample of 5,911 low-mass, RGB
stars in Large and Small Magellanic Clouds—two nearby galaxies. We derived luminosities,
masses, and '2C/!3C surface abundance ratios (i.e. a tracer of RGB nucleosynthesis and mix-
ing processes) for 754 stars. We investigated how these 12C/'3C ratios change as a function of
mass and metallicity. Our results suggest that an additional mixing episode not explained by
standard stellar evolution theory is necessary to justify the low '2C/'3C abundances. We also
find that mixing on the RGB is not as prominent for higher mass stars (i.e. *>C/'3C is higher
for higher mass stars) as predicted by the additional mixing model. Future efforts will be
aimed at deriving more '2C/'3C, tracking how [C/N] (another evolution tracer) changes with
stellar parameters, and investigating more closely how these ratios change with metallicity.

Introduction

Understanding how stars evolve is one of the
most critical puzzle pieces necessary for ex-
plaining the chemical evolution of galaxies
and the universe as a whole. Besides the Big
Bang, stars are the primary producer of nearly
all chemical elements that we see in the uni-
verse today. Throughout their lifetime, stars
undergo many episodes of a process called
nucleosynthesis (i.e., the creation of nucleii),
which fuses less massive elements into pro-
gressively heavier elements. This process oc-
curs deep within stellar interiors, and the mix-
ing of internal layers often brings newly made
heavy elements to the surface of the star. This
material is then eventually returned to the in-
terstellar medium (ISM) either through mass
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loss at the surface or when the star dies.

Relatively speaking, the theory of stellar
evolution is fairly well understood. However,
there still exists uncertainties in late evolution
nucleosynthesis and mixing processes, partic-
ularly in a phase of evolution known as the
red giant branch (RGB). During the RGB,
low-mass stars' undergo H fusion into He (of-
ten referred to as “H burning”) in a thin shell
surrounding the core of the star. Meanwhile,
the envelope of the star extends outward be-
coming large, cool, and convective.

A major mixing episode known as the first
dredge up (FDU) occurs at the beginning of

'Low-mass stars here are defined as stars in the ap-
proximate mass range 0.8-2.5M, though this range
can change depending on the proportion of heavy ele-
ments in the star.



the RGB phase. During the FDU, the convec-
tive envelope extends into the layers where
nucleosynthesis had occurred earlier in the
star’s life, bringing processed material to the
surface of the star. Most notably, 1*C and N
are dredged up to the surface of the star dur-
ing this event due to the fact that H burning
in part occurs by a process called the carbon-
nitrogen-oxygen (CNO) cycle, which creates
and uses C, N, O, and their isotopes as cat-
alysts to fuse H into He (e.g., Palacios et al.
2003; Charbonnel & Lagarde 2010).

Standard stellar evolution theory has pre-
dicted that the FDU is the only major mix-
ing episode to occur during this phase of evo-
lution. However, observations of RGB stars
(e.g., Gilroy 1989; TautvaiSiené et al. 2013;
Takeda et al. 2019; McCormick et al. 2023
and references therein) have shown that the
surface abundances of C, N, and their iso-
topes are altered further than the FDU pre-
dicts in low-mass stars on the RGB. There-
fore, an additional mixing event is thought
to occur in the late stages of the RGB phase.
The exact physical process(es) that cause this
extra mixing is still unknown, though many
possibilities have been suggested (see, e.g.,
Boothroyd et al. 1995; Charbonnel 1995;
Busso et al. 2007; Palacios et al. 2006 and ref-
erences therein). A popular idea is that the ex-
tra mixing is due, at least in part, to an insta-
bility naturally occurring within stellar inte-
riors on the RGB known as the thermohaline
instability (e.g., Charbonnel & Zahn 2007).
This instability induces mixing just outside
the H-burning shell, and models have shown
that it can connect to the convective enve-
lope (e.g., Lagarde et al. 2012), which funnels
more nucleosynthesis byproducts (e.g., 13C,
14N) to the surface of the star. The 2C/'3C
abundance ratio is typically used to probe this
RGB nucleosynthesis and mixing, as it has
been shown to change dramatically’ on the
RGB due to mixing episodes (see above ref-
erences to observations).

20ften, 2C/*3C starts around 90 before the FDU
and drops to approximately 10-20 near the tip of the
RGB.
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To date, the majority of observational ev-
idence for RGB nucleosynthesis and mix-
ing processes are for stars in our own Milky
Way galaxy that have properties similar to our
Sun. Specifically, most of the stars observed
have a similar overall proportion of heavy el-
ements (i.e., “metallicity”’; often denoted by
“[Fe/H]”). Changing the metallicity of a star
alters that star’s evolution since the amount
and type of material it possesses dictates how
long it can undergo nuclear fusion. Similarly,
more massive stars burn through their mate-
rial quicker to provide enough pressure sup-
port from gravity to be stable, which leads to
shorter episodes of nucleosynthesis and mix-
ing and shorter lifetimes.

In this work, we seek to add to the body
of observational evidence for RGB nucle-
osynthesis and mixing processes by provid-
ing a large sample of surface '2C/'3C abun-
dances to trace internal stellar evolutionary
processes. We aim to test theoretical predic-
tions of these abundances to better understand
how these processes are affected by a range
of stellar properties such as mass and metal-
licity to gain a more global understanding of
how stars evolve.

We do so by studying large samples of stars
in two low-metallicity, satellite galaxies of
the Milky Way known as the Large Magel-
lanic Cloud (LMC) and the Small Magellanic
Cloud (SMCQ). In this paper, we first describe
the data we use to accomplish these goals.
It is then explained how we estimated stellar
properties such as luminosity and mass, along
with how we derived chemical abundances
using stellar spectra. Finally, we show our
current results and conclude by interpreting
these results and describing our next steps.

Data

The data used in this project are from
the 17th Data Release (DR17; Abdurro’uf
et al. 2022) of the Sloan Digital Sky Survey
IV’s (SDSS-1V; Blanton et al. 2017) Apache
Point Observatory Galactic Evolution Ex-
periment (APOGEE; Majewski et al. 2017),
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which combines data from the APOGEE and
APOGEE-2 surveys. The Magellanic Clouds
(MCs) were observed using the APOGEE-S
spectrograph Wilson et al. (2019) on the 2.5-
meter du Pont Telescope (Bowen & Vaughan,
1973) at Las Campanas Observatory in Chile.
Targeting for the APOGEE survey is de-
scribed in Zasowski et al. (2013), while that
for the APOGEE-2 survey is described in Za-
sowski et al. (2017), Beaton et al. (2021),
and Santana et al. (2021). The data reduction
pipeline for APOGEE is described in Nidever
et al. (2015).

The APOGEE survey reports near-infrared
photometry from the Two Micron All Sky
Survey (2MASS; Skrutskie et al. 2006) in
the J, H, and K, magnitude bands. Fur-
thermore, APOGEE also provides stellar pa-
rameters and abundances which were derived
using the APOGEE Stellar Atmospheric Pa-
rameters and Chemical Abundances Pipeline
(ASPCAP; Garcia Pérez et al. 2016) based
on the FERRE code written by Allende Pri-
eto et al. (2006). For each star, ASPCAP
matches stellar atmospheric parameters to a
grid of MARCS stellar atmospheres (Gustafs-
son et al., 2008; Jonsson et al., 2020) and
derives chemical abundances using synthetic
spectra and an H-band line list from Smith
et al. (2021).

The MC sample in APOGEE is vast
(~13,000 stars in the LMC and 3,000 in
the SMC), so utilizing this data set will pro-
vide an unprecedented sample of stellar abun-
dances critical for understanding stellar evo-
lution on a large scale. Furthermore, the MCs
are ideal for this type of study because the
MCs have been historically well studied, and
we now have highly accurate distances to the
clouds, which allows for reliable estimates of
stellar luminosities.

Red Giant Branch Sample Selection

To select our sample of stars from the greater
APOGEE catalog, we first had to choose
which stars belong to the MCs. We followed
the methodology of Hasselquist et al. (2021)
which implements a series of cuts based on
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Table 1: The spatial and kinematic param-
eters used to identify stars belonging to the
LMC and SMC.

Quantity | LMC SMC
Aonier | 80.894 13.187
0% mier | -09.756 -72.829
D° 12 8
RV (km/s) | (161, 370) (66, 235)
Lo (km/s) | (1.01, 2.62) (0.05, 1.51)
ws (km/s) | (-1.15,1.70)  (-1.57,-0.94)

spatial and kinematic data to select the stars
likely to belong to the MCs. The specific cri-
teria we used to choose the LMC and SMC
sample can be seen in Table 1. In summary,
we first chose all stars within a projected
spherical distance (D) from the center of each
cloud based on each star’s right ascension ()
and declination () coordinates. Next, we
attempted to exclude any foreground Milky
Way contaminates by removing any stars that
have radial velocities (RV") and/or proper mo-
tions (in right ascension, i, or in declina-
tion, ps5) differing by £30 from the median
of these quantities for the MCs.

The aforementioned cuts result in stars in
various phases of evolution in the MCs, so
we next sought to isolate stars belonging
to the RGB only. To do so, we first se-
lected stars less luminous than the tip of the
RGB (TRGB:; i.e., the maximum brightness
of RGB stars) based on the definition from
Hoyt et al. (2018). This definition character-
izes the TRGB based on 2MASS photometry
and the distance modulus to each cloud (u):

H < p—594—(1.62x((J—K,)—1.0))—0.1

(D
Throughout this work, we use a distance
modulus of 18.477 + 0.004 mag for the LMC
(Pietrzynski et al. 2019) and 18.977 £ 0.016
mag for the SMC (Graczyk et al. 2020).

To remove obvious higher mass (> ~3M)
star contaminates, we removed stars with ef-
fective temperature (7¢;s) greater than 5000
K. Also, near the TRGB we removed any
star with /I < 12.8 mag and metallicity
greater than -0.55 dex since more massive
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Figure 1: The HR diagram of the LMC stars
in our sample colored by metallicity. Over-
laid are stellar evolutionary tracks from La-
garde et al. (2012) for various masses and
metallicities.
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Figure 2: The same as Figure 1 but for the
SMC stars.

stars typically have higher metallicities than
RGB stars. Moreover, we removed stars with
(J — Ks) > 1.3 to avoid C-rich asymptotic
giant branch stars.

Finally, we required that all stars in our
sample have reliable data by not having the
“STAR BAD” flag set in the APOGEE cata-
log, which indicates that there is something
untrustworthy about the data for a given star.
Our data cuts resulted in 4,436 RGB stars in
the LMC and 1,475 RGB stars in the SMC.
Figures 1 and 2 show our sample stars in the
Hertzsprung-Russell (HR) diagram.
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[Fe/H]

Fe/H]

Extinction Corrections

Observing the true brightness of stars is
nearly impossible due to the fact that dust and
gas in the ISM often lie along an observer’s
line of sight to an object. For this reason, the
magnitudes we observe are extincted (i.e., the
light we see appears redder in color than it is
intrinsically) by varying amounts depending
on the wavelength of light and the amount of
material between the observer and the object.

To correct for this phenomenon, we ap-
plied extinction corrections to the photomet-
ric magnitudes in our data set. Fortunately,
the APOGEE catalog provides K,-band ex-
tinction corrections for each star in our sam-
ple. We then used the extinction law of
Cardelli et al. (1989) to relate the K, correc-
tion terms (Ag,) to other photometric band
correction terms (A and Ap):

Ay

Ks

An

=245 and = 1.56

)

Ks

The extinction corrections in these infrared
magnitudes are relatively small, however, it is
important to incorporate them to derive as ac-

curate as possible stellar luminosities, which
are based on observed magnitudes.

Derived Quantities

Stellar Luminosity

To better understand the fundamental prop-
erties of the stars in our sample, we calcu-
lated the luminosity, or intrinsic brightness,
of each star. Knowing the luminosity of a star
also makes it easier to compare our data with
theoretical models which often report stellar
brightness as luminosity.

The stellar luminosity, in units of solar lu-
minosities (L), can be calculated using the
following equation:

L = 1O(Mbol,@—Ks,0—BCKS+u)/2.5L®

3)

Here, My, 1s the bolometric absolute mag-
nitude of the Sun (4.74 M ; Mamajek et al.
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Table 2: The central wavelength for each chemical feature used in our spectral fitting analysis

with BACCHUS to derive abundances.

Species | Wavelengths (A)

Si 15361.2, 15376.8, 15557.8, 15884.5, 15960.1, 16060.0, 16094.8, 16129.0, 16163.7,

16170.2, 16215.7, 16241.8, 16680.8, 16828.2

C 15578.0, 15775.5,15978.7, 16004.9, 16021.7, 16185.5, 16397.2, 16614.0, 16836.0,

16890.4

O 15373.5,15391.0, 15569.0, 15719.7, 16052.9, 16055.5, 16650.0, 16704.8, 16714.5,

16872.0, 16909.4

N 15210.2, 15222.0, 15228.8, 15242.5, 15251.8, 15309.0, 15317.6, 15363.5, 15410.5,

15708.5

15447.0, 15462.4, 15466.2, 15495.0, 15514.0, 15581.0, 15636.5, 15659.0, 15706.9,

Mg | 15231.8,15366.9, 15693.6, 15740.7, 15749.0, 15765.7, 15879.6, 15954.5, 16365.0,

16624.7, 16632.0

12C/13C

15641.7,16121.4, 16323.4, 16326.0, 16327.3, 16530.0, 16741.2, 16744.7

2015); K, is the extinction-corrected appar-
ent K, magnitude; BC'k, is the K bolomet-
ric correction term from the MESA Isochrone
and Stellar Track (Dotter 2016; Choi et al.
2016; Paxton et al. 2011, 2013, 2015, 2018)
bolometric correction tables; and y is the rep-
resentative distance modulus to each cloud.

It is important to note that while these dis-
tance modulii are precisely known, they are
the distance modulii calculated to the central
regions of each cloud. Therefore, they do not
account for the width of each cloud, which
do start to become a significant fraction of
the distance the further from the center of the
cloud a star is. For this reason, we expect
that stars located farther from the center of the
cloud will have higher uncertainties in lumi-
nosity and mass (see next section).

Stellar Mass

Another property of stars that is necessary to
know for understanding stellar evolution is
mass. Unfortunately, we cannot directly mea-
sure the mass of a star, so we have to rely on
indirect methods of estimating stellar mass.
One way of doing so is to use equations
of stellar astrophysics that relate measurable
stellar properties to mass. APOGEE derives
two such properties, the stellar surface grav-
ity (logg) and effective temperature (7%¢y),
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from stellar spectra by comparing the ob-
served spectrum of each star to model spectra.
Furthermore, since we now know the lumi-
nosities of our stars, the following equations
can be rearranged and combined to estimate
stellar masses (M):

L= 47TO'SBR2Te4ff (4)
GM
log g = log < 2 ) 5)
1089 L,
= 6
47TO'SBGT64ff ( )

Here, ogp is the Stefan-Boltzmann constant;
G is the gravitational constant; and R is the
stellar radius.

Abundances with BACCHUS

Finally, the last quantity needed for this study
is the 12C/*3C abundances. While APOGEE
provides abundances for a range of chem-
ical species, it does not report 2C/3C. In
this work, we utilize '2C/¥C abundances
from the BACCHUS Analysis of Weak-
Lines in APOGEE Spectra (BAWLAS) cat-
alog (Hayes et al. 2022) when available for
our sample stars. If these abundance ratios
are not available for a sample star, we de-
rive our own '2C/*3C using the Brussels Auto-
matic Code for Characterizing High accUracy
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Spectra (BACCHUS; Masseron et al. 2016)
software.

The BAWLAS catalog uses APOGEE
DR17 spectra and the BACCHUS code to de-
rive accurate 2C/'3C ratios. However, due
to a spectrum signal-to-noise restriction im-
plemented in Hayes et al. (2022) that was
relevant to that particular study, only 374
stars (373 in the LMC and 1 in the SMC)
in our sample have 2C/*3C abundance ratios
reported in BAWLAS. Therefore, we utilized
BACCHUS and performed a similar spectral
analysis as done in BAWLAS to increase the
number of stars with 12C/'3C abundances in
our sample.

We follow the methodology of Hayes
et al. (2022) for our BACCHUS analysis
(see Hayes et al. 2022 and Masseron et al.
2016 for a more in-depth description of how
BACCHUS works). In summary, we pro-
vide APOGEE effective temperature, surface
gravity, metallicity, and microturbulent veloc-
ity for each star. With these parameters, BAC-
CHUS determines the convolution parameter
for the spectrum, which describes the broad-
ening of spectral features due to macrotur-
bulent velocity, stellar rotation, and instru-
ment resolution. The convolution parameter
is found by deriving the abundance of the
Si I lines until the abundance found by two
separate methods in BACCHUS (the inten-
sity method and the equivalent width method)
match. Next, we determine abundances for C,
O, N, and Mg to help with proper continuum
placement and provide a baseline for features
blended with these species; we iterate these
abundances until they are consistent. Finally,
we find the '2C/'3C abundance.

BACCHUS provides abundance estimates
for each chemical species and for each spec-
tral feature that we measure for each species
(see Table 2 for a list of all features attempted
in our analysis). The overall 2C/*3C for
a given star is calculated by choosing the
best-fit features (here we used the features at
16121.4 A and 16530.0 A) and computing the
average abundance using the “chi2” method
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abundance from BACCHUS.> We note that
for the results presented in this paper, we only
use features that are the generally well-fit for
most stars (16121.4 A and 16530.0 A). As
we continue to work on this project, we aim to
increase the number of features used in calcu-
lating *2C/*3C for each star so that the overall
ratio is not biased to those two features. So
far, we have been able to add >C/*3C mea-
surements for 380 stars (147 in the LMC and
233 in the SMC) in our sample.

Results

We present the current results for this work in
Figures 3-6. Beginning with Figures 3 and 4,
we show 2C/*3C as a function of stellar mass
colored by metallicity for the entire LMC and
SMC samples, respectively. To the left on
each figure are typical error bars for mass and
for different ranges of 2C/!3C. Overlaying
the data in each figure are sets of models from
Lagarde et al. (2012) which convey theoret-
ical predictions of ?C/'3C for the range of
stellar masses shown. Two varieties of mod-
els are shown in these figures. The first vari-
ety (solid lines) represent the standard theory
of stellar evolution where the only major mix-
ing event to occur on the RGB is the FDU.
The second variety of models (dashed lines)
display the predicted >C/*3C for stars that
have undergone the FDU, thermohaline extra
mixing, and have non-zero stellar rotation on
the RGB. Furthermore, each variety of model
is shown for three metallicities typical of the
MCs: [Fe/H]=-2.16 (orange), [Fe/H]=-0.86
(blue), and [Fe/H]=-0.56 (gray).

From these figures, we notice that the ma-
jority of our sample stars with 2C/*3C have
values that fall well below the standard model
predictions. We also observe a slight in-
crease in 2C/*3C for increasing stellar mass
in the range 1-2M ), most clearly seen in the
LMC, similar to the extra mixing (dashed-

3The chi2 method in BACCHUS finds the abun-
dance of each feature by squaring the differences be-
tween the synthetic and observed spectra and minimiz-
ing them.
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Figure 3: The '2C/*3C ratio as a function of stellar mass colored by metallicity for the LMC

stars. Typical uncertainties in 12C/!3C and mass ar

e shown on the left. Overlaid are models from

Lagarde et al. (2012) varying in metallicity. Solid-line models show the '2C/'3C predictions for
standard RGB evolution (i.e., only FDU mixing on the RGB), whereas dashed-line models
show 2C/'3C predictions for RGB evolution including FDU, thermohaline extra mixing, and

stellar rotation.
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Figure 4: The same as Figure 3 but for the SMC.

line) model predictions. The trend in metal-
licity, however, is not as clearly seen in these
figures.

To better observe how 2C/'*C changes
with mass excluding the effects of metallic-
ity, we display the >C/*3C as a function of
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mass for small ranges of metallicity, essen-
tially approximating metallicity as constant,
in Figures 5 and 6 for the LMC and SMC,
respectively. Here, the same models overlay
the data, and this time we color the points by
luminosity.
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Figure 6: The same as Figure 5 but for the SMC.

We recover the same trend of decreasing
12C/13C with decreasing mass for the three
highest metallicity bins in the LMC and for
all three metallicity bins in the SMC. It is not
as clear if the 12C/*3C-mass trend exists in the
lower metallicity LMC bins, perhaps due to
an insufficient amount of data in those bins.

It is also important to note that so far, we
have only derived '2C/*C abundances for
stars near the TRGB, so these figures are far
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from complete in characterizing the full ex-
tent of RGB 2C/'3C abundance changes.

Conclusions

From our current results, we can conclude
that the observed '2C/*3C are in disagreement
with the standard stellar evolution predic-
tions of 12C/*3C surface abundances in RGB



stars, meaning that there is an important piece
of physics missing from our idea of stellar
evolution based on the standard model pre-
scription. In fact, the >C/*3C ratios most
closely align with the model predicting that
extra mixing occurs on the RGB, suggesting
that this process is necessary to explain the
12C/13C abundances.

Furthermore, we find that in almost all of
our bins of nearly constant metallicity (with
the lowest-metallicity LMC bins being in-
conclusive), the 2C/3C reproduces the ex-
pected trend that lower mass stars tend to
have lower 2C/*3C values than higher mass
stars at roughly the same evolutionary phase
(i.e. the TRGB). Therefore, the idea that
lower mass stars experience either more extra
mixing or more efficient extra mixing appears
to be supported by the data.

In summary, we have derived stellar lumi-
nosities, masses, and 2C/'3C surface abun-
dances so far for 380 stars adding to the
BAWLAS catalog overlap of our sample
which provided 374 stars with measured
12C/13C. We investigated RGB nucleosynthe-
sis and mixing processes by comparing how
the 2C/*3C changes with mass and metal-
licity against model predictions incorporating
different RGB mixing processes. We found
that the data agrees more closely with the
model including an extra mixing mechanism,
implying that some form of extra mixing is
necessary to explain observations. Further-
more, we recover expected 12C/!3C trends in
mass, but it is not immediately clear if there
is one in metallicity. Future effort will be
focused on isolating the effect of metallic-
ity on '2C/*3C. We also aim to incorporate
more 2C/'3C abundances from our 4,436-
star LMC sample and 1,475-star SMC sample
spanning even greater ranges of stellar param-
eters, especially less luminous stars to cover
more of the RGB. We also aim to derive reli-
able [C/N] ratios and see how it changes with
stellar parameters since *N is also expected
to be dredged up by mixing.
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