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Abstract

Core helium burning primary red clump (RC) stars are evolved red giant stars that are excellent standard candles.
As such, these stars are routinely used to map the Milky Way or determine the distance to other galaxies, among
other things. However, distinguishing RC stars from their less evolved precursors, namely red giant branch (RGB)
stars, is still a difficult challenge and has been deemed the domain of asteroseismology. In this paper, we use a
sample of 1676 RGB and RC stars that have both single epoch infrared spectra from the APOGEE survey and
asteroseismic parameters and classification to show that the spectra alone can be used to (1) predict asteroseismic
parameters with precision high enough to (2) distinguish core helium burning RC from other giant stars with less
than 2% contamination. This will not only allow for a clean selection of a large number of standard candles across
our own and other galaxies from spectroscopic surveys, but also will remove one of the primary roadblocks for
stellar evolution studies of mixing and mass loss in red giant stars.
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1. Introduction

Red giants are evolved stars that, unlike the Sun, burn
hydrogen in a shell around an inert helium core (Iben 1968). If
the initial mass of the star is high enough, the helium core mass
grows large enough to initiate helium fusion (Schwarzschild &
Selberg 1962). For primary core helium burning red clump
(RC) stars, this happens in an abrupt event known as the helium
flash. Hydrogen shell-burning red giant branch (RGB) stars and
their evolutionary successors, RC stars, can appear very similar
in their surface properties and spectra. Primary RC stars are
excellent standard candles (Stanek et al. 1998; Hawkins
et al. 2017), while RGB stars, or more massive secondary
RC stars of nearly the same effective temperatures (T.s), are
not. Thus finding and characterizing core helium burning
primary RC stars is of great importance not only for stellar
evolution and Galactic archeology but also for building a more
precise cosmic distance ladder (Stanek et al. 1998; Salaris 2007,
Bressan et al. 2013; Bovy et al. 2014; Gontcharov 2017;
Hawkins et al. 2017). However, separating RC stars from less
evolved shell hydrogen burning RGB stars or more massive
secondary RC stars is difficult and continues to be a barrier in
solving numerous problems in stellar astrophysics (Bressan
et al. 2013).

Asteroseismology has become the gold standard for
distinguishing these two types of stars (Montalbén et al. 2010;
Bedding et al. 2011; Mosser et al. 2011, 2012; Stello
et al. 2013; Pinsonneault et al. 2014; Vrard et al. 2016;
Elsworth et al. 2017). The solar-like oscillations in red giant
stars arise from near-surface convection and can have either, or
both, acoustic (p-mode) or gravity (g-mode) characteristics
(Chaplin & Miglio 2013). P-modes are primarily associated
with the stellar envelope with pressure as a restoring force,
while g-modes probe its core with buoyancy as a restoring
force. The observed stellar pulsations, which mostly contain
pure p-modes, have been studied using the frequency power

spectrum of well-sampled photometric light curves of nearby
stars. For evolved stars, there is coupling between g- and
p-modes. However, for RC stars, the core density is lower than
that of RGB stars of a similar luminosity and radius, which
causes a significantly stronger coupling between the g-mode
and p-modes leading to the appearance of observable “mixed
modes” in the oscillations spectrum.

These features include the large frequency separation (Av),
defined as the frequency between adjacent p-modes with the
same angular degree (¢) but different radial order (n) and the
frequency at which there is maximum power (Vmax). For more
evolved stars showing a mixed mode pattern, the period
separation (PS) between the mixed modes can also be
measured. The asteroseismic scaling relations (Kjeldsen &
Bedding 1995; Chaplin & Miglio 2013) relate theses features to
different stellar properties. Specifically, 1,.x has been shown to
relate to the surface gravity (log g) and Ty such that
Vmax < &/ Totr, While Av is proportional to the square root of

the mean stellar density and thereby ,/(g/R). Chiefly, for the
case of evolved stars, the period separation PS has been shown
to distinguish RGB stars, with low PS, from RC stars, with
high PS (Montalban et al. 2010; Bedding et al. 2011; Vrard
et al. 2016).

Photospheric diagnostics, such as spectroscopy, for distin-
guishing between RC and RGB stars have largely been
overlooked. However, stellar evolutionary isochrones indicate
that RGB and RC stars likely have a different distribution in
Tet—log g space (Bovy et al. 2014). In addition, there is extra
mixing along the RGB and even potentially at the He flash,
which separates RGB and RC stars in their C and N
abundances (Martell et al. 2008; Masseron & Gilmore 2015;
Masseron & Hawkins 2017; Masseron et al. 2017). Therefore,
we posit that a star’s spectrum can be used to discern whether it
is burning helium in its core and predict, indirectly, its
asteroseismic parameters.
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Figure 1. Spectroscopic HRD (i.e., log g as a function of Tg) for the training
set (circles) and the test set (triangles). Each are color-coded by the star’s
[Fe/H]. The gray log density scale background shows the full APOGEE DR13
sample.

2. Data

We explore here stars that contain both seismic information,
namely PS and Av from Vrard et al. (2016) and moderate
resolution (R ~ 22,000) H-band spectra, our photospheric
probe, from the thirteenth data release of the Apache Point
Observatory Galactic Evolution Experiment survey (APOGEE,
Holtzman et al. 2015; Majewski et al. 2015). We then made
quality cuts, keeping only those for which both the APOGEE
STARFLAG and ASPCAP flag were set to zero meaning they
are reliable and the uncertainty in PS was less than 10 s. This
was to remove stars where the spectra had obvious problems or
the PS was poorly constrained. The latter is necessary as PS is
the asteroseismic parameter that best distinguishes between
RGB and RC stars. These cuts reduced the final sample to 1676
stars which have high-quality APOGEE spectra and precisely
measured T, [Fe/H], Av, and PS.

According to asteroseismic classification, there are 576 RGB
and 1100 RC stars in our final sample. We note that 219 of the
RC stars are classified as non-standard candle secondary RC
(Girardi 1999), which are more massive and slightly less
luminous. Typical uncertainties are 70 K, 0.04 dex, 0.002 pHz,
and 2.81s for T, [Fe/H], Av, and PS, respectively. The
sample was randomly divided into a training set that contained
70% of stars (1173 stars), and a test set that contained the
remaining 30% (503 stars). In Figure 1, we show the spectro-
scopic Hertzsprung—Russell diagram (HRD) of the training set
(circles) and the test set (triangles).

3. Results and Discussion

3.1. Distinguishing RC Stars Using
Predicted Asteroseismic Parameters

For our work, we made use of The Cannon (Ness
et al. 2015; Casey et al. 2016), in order to ascertain if the
spectra contained the information to not only predict the
asteroseismic values (i.e., Av and PS), but also distinguish
those stars that are burning helium in their cores. The Cannon
is a data-driven algorithm that uses a generative model of
stellar spectra by predicting the flux in each pixel as a
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Figure 2. Performance of The Cannon with respect to the known T (top left),
Av (top right), PS (bottom left), and [Fe/H] (bottom right) for stars in the test
set. The black lines in each panel represent the 1:1 line. The known T.¢ and
[Fe/H] are taken from APOGEE DR13, while the known Av and PS are taken
from Vrard et al. (2016). The color coding represents the signal-to-noise raito
of the spectra.

polynomial function of the stellar and asteroseismic parameters
(.e., Tefr, [Fe/H], Av, and PS). Our setup of The Cannon
models the flux at each wavelength as a quadratic polynomial
of Ty [Fe/H], Av, and PS. Our model does not currently
include v, as a label; however, vy,x and Av are strongly
correlated (Yang et al. 2012; Chaplin & Miglio 2013),
predicting one will constrain the other. During the training
step, the stellar and asteroseismic labels are fixed, and the
coefficients of the polynomial that best reproduce the spectra
are determined. In the test step, the coefficients found in the
training set are fixed, while the stellar and asteroseismic labels
are determined for the test set stars. This last step is specifically
done for cross validation purposes. For a detailed introduction
to The Cannon, the algorithm, and setup for APOGEE, we
refer the reader the release papers (Ness et al. 2015; Casey
et al. 2016).

The results for the test set were able to reproduce T.¢ with a
bias of less than 10 K and dispersion of 37 K, Av with a bias
of less than 0.01 pHz and dispersion of 1.23 pHz, PS with a
bias of less than —8 s and dispersion of 47 s, and [Fe/H] with
no bias and dispersion of 0.02 dex (Figure 2). As illustrated in
Figure 2, each of the parameters largely follow the one-to-one
relationship indicating good agreement between the values
predicted by The Cannon and the established ones. Since the
signal-to-noise ratio (S/N) of our sample is high (larger than
S/N > 100), there does not appear to be a loss of performance
with decreasing S/N.

The right panel of Figure 3 shows the PS as a function of Av
for RGB (circles), RC (stars), and the more massive secondary
RC (triangles) for test set stars as determined by asteroseismol-
ogy (Vrard et al. 2016). The points are color-coded by the
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Figure 3. PS as a function of Av measured using asteroseismology (right) and predicted by spectroscopy (left) for RC stars (stars), secondary RC stars (triangles), and
RGB stars (circles). For both the left and right panels only the values for the test set are shown. Each are color-coded by the APOGEE measured log g. The two visible
populations in both spectroscopy and asteroseismology indicate that either can be used to distinguish RC and RGB stars from one another.
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Figure 4. We compare stacked spectra of five RGB (black line) zgnd 7 RC (red line) stars that are found il’l the same part of the H-R diagram (i.e., similar 7, seismic
log g, and [Fe/H]). The spectral regions (one centered at 15300 A on the left and one centered at 15990 A on the right) were chosen based on those where the spectral
model predicts that it contains the most information to separate RGB and RC stars. Line identifications for atomic and molecular features taken from an Arcturus atlas
(Hinkle & Wallace 2005) are also shown. Upon controlling for the stellar atmospheric parameters, core helium burning RC stars are distinct around CN, C, and CO
spectral lines. The bottom left and right panels illustrate the normalized partial derivative of the flux with respect to PS at fixed T.g, Av, and [Fe/H] predicted by
The Cannon. The most sensitive spectral features to PS have a normalized flux partial derivative of —1 or 1.

spectroscopic log g. It is clear that RC stars are separated from
RGB stars in this plane. The left panel of Figure 2 shows the
spectroscopically predicted values of PS and Av for the same
stars. Figure 3 indicates that APOGEE spectra contain enough
information to not only predict several asteroseismic para-
meters but also whether the core of a red giant star is burning
helium or inert. We, however, note that while this result
represents a first step to distinguishing between RGB and RC
stars in a robust and purely spectroscopic way, the signatures
seen in this work are currently restricted to the Kepler and
CoRoT fields. More data and further tests are required to show
that it works for populations with different underlying
metallicity or mass distributions than these fields.
Additionally, it may be possible to separate primary and
secondary RC stars from each other using the predicted Av
parameter (Yang et al. 2012), though further study will be
required. The RC false positive rate (FPR) of our method (i.e.,
the number of non-RC stars in the test set, which are falsely
classified as RC stars) is ~2% globally but depends on the the
location in the HRD (see Section 3.3 for more details). For
reference, the contamination of non-RC stars thought to be
~9% globally for other spectro-photometric methods (Bovy

et al. 2014). Figure 3 also illustrates that Av and log g are
correlated, consistent with the asteroseismic scaling relations
(Kjeldsen & Bedding 1995).

3.2. What Spectral Features Predict Core Helium Burning?

One particular strength of The Cannon is that it can be used
to discover the spectral regions that are most sensitive to a
particular stellar or asteroseismic label. In Figure 4, we show a
median stacked spectrum of five RGB (black) and seven RC
(red) stars, which have the same stellar parameters (i.e., the T,
log g, and [Fe/H] are, within the uncertainties, equivalent) in
two spectral regions, which are sensitive to PS (the
asteroseismic label, which most distinguishes RC and RGB
stars). The stacked spectra of RGB and RC stars with the same
stellar parameters are remarkably similar except for specific
features.

Figure 4, which shows two such spectral regions between
15280-15325 A (on the left) and 15970-16010 A (on the
right), indicates that the differences between RGB and RC stars
lie mostly around molecular CN and CO line features (Hinkle
& Wallace 2005). The differences in these molecular features
may be expected because there is thought to be extra mixing



THE ASTROPHYSICAL JOURNAL, 853:20 (6pp), 2018 January 20

along the RGB from the RGB bump to the helium flash, which
would make RC stars lower in their carbon to nitrogen ratio
compared to RGB stars of the same stellar parameter (e.g.,
Martell et al. 2008; Lagarde et al. 2012; Masseron &
Gilmore 2015; Hawkins et al. 2016; Masseron & Hawkins
2017; Masseron et al. 2017).

An example of this can be found in Figure 1 of Masseron &
Gilmore (2015). These authors draw on the grid of stellar
models from Lagarde et al. (2012) and showed that for a star
with an initial mass of 1 M, at solar metallicity, the expected
difference in the surface [C/N] abundance ratio between an
RGB and RC star, denoted as A[C/N], is ~0.20 dex (with the
RC star having a lower [C/N] ratio compared to an RGB star of
similar surface gravity). Additionally, in that work, they also
show that the difference in the [C/N] ratio between RGB and
RC stars is both mass and metallicity dependent. Figure 1 of
Masseron & Gilmore (2015) illustrates that it can be as high as
A[C/N] ~ 0.50 dex (for M = 1 M, and [Fe/H] = —0.50)
down to just A[C/N]~ 0.01 dex (for M =2 M, and
[Fe/H] = 0.0).

Our result in Figure 4 seems to tell a consistent story, that C
and N are useful parameters to help distinguish between RGB
and RC stars. Therefore, in the top panel of Figure 5, we plot
the measured surface [C/N] abundance ratio for RGB (black
circles) and RC (red triangles) stars for the final sample. The
running median [C/N] values as a function of [Fe/H] are
shown as solid lines. The [C/N] ratios are taken from Hawkins
et al. (2016) as opposed to APOGEE DR13. This was done
because there are known issues in the C (and potentially N)
abundances in APOGEE. These issues are likely due to a
discrepancy in spectroscopic and seismic log g between RGB
and RC stars (e.g., Masseron et al. 2017). Since Hawkins et al.
(2016) is one of the only catalogs that derives the chemical
abundances in a consistent way using the precise and accurate
seismically determined log g information, it is preferred over
the APOGEE values. Though similar differences in the [C/N]
ratio are also found for the DR13 values.

The bottom panel of Figure 5 shows the difference in [C/N]
between RGB and RC stars (black line) and RGB in four bins.
There is a clear difference such that RC stars are ~0.20 dex
lower in [C/N] compared to RGB stars over the range in full
metallicities. This is consistent with the theoretical expectations
for stars with initial masses between 1 and 2 M., using the grid
of model from Lagarde et al. (2012) with thermohaline
convection and rotation-induced mixing included. In addition,
the secondary RC stars have as much as a 0.4 dex difference in
their [C/N] surface ratios compared to RGB stars of similar log
g. This is consistent with the theoretical expectations for stars
with initial masses between 2 and 3 M, using the grid of model
from Lagarde et al. (2012). Figures 4 and 5 together indicate
that there is likely extra mixing along the RGB, which can
cause slight surface abundance changes in C and N, which
allow us to distinguish between core helium burning RC and
shell hydrogen burning RGB stars that overlap on the HRD.

Future work will be needed to further understand the exact
physical processes by which each spectral feature responsible
for the distinction between RGB and RC stars is observable.

3.3. Contamination

The selection of pure core helium burning RC stars is of
great importance for Galactic archeology, stellar evolution, and
the cosmic distance ladder as a whole. Therefore, we address
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Figure 5. Top panel illustrates the [C/N] as a function of [Fe/H] for RGB
(black circles) and RC (red triangles), which are in common with our sample
and that of Hawkins et al. (2016), respectively (see the text for a further
explanation of the data used). The solid black, red, and cyan lines represent the
running median of the RGB, RC, and secondary RC in this space, respectively.
Bottom panel illustrates the difference in [C/N], A[C/N], between RGB and
RC stars (black line) as a function of [Fe/H]. Also shown are the predicted
differences in the surface [C/N] abundance ratio between RGB and RC stars as
a function of metallicity using the models of a 1 M, (red dotted line), 1.5 M.,
(blue dashed—dotted line), and 2.0 M, (magenta dashed line) star from Lagarde
et al. (2012).

here the contamination level that is expected from both RGB
and secondary RC in different regions of the HRD for the
method presented in this work. We also compare it to the rates
found using other methods. For reference, the contamination
level is measured as the FPR.

In order to address the level of contamination, we made use
of a sample of asteroseismically classified red giant stars
(Pinsonneault et al. 2014; Elsworth et al. 2017) that are not
found in our test or training sets. All of these stars, while
having both APOGEE spectra and an asteroseismic classifica-
tion, do not have publicly available PS and/or Av information.
This secondary test sample is excluded in the study outlined in
the main text because the goal of this work is two-fold: not only
do we aim to separate RGB from RC (which can be done with
the secondary test sample), but we also explore whether the
asteroseismic parameters can be predicted from single epoch
spectroscopy. This secondary test set contains 621 stars. We
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Figure 6. The log g-T.¢ diagram for the main sample (gray circles) and
secondary test set (cyan x’s). The false positive rate for RC stars classified
using our method for specified T.g—log g bins are represented by the color.

choose not to use the original test set because in this
supplementary section, we aim to quantify the FPR for
different parts of HRD, which is not possible with the original
test set due to its somewhat limited coverage.

To complete an exploration of the contamination level, we
retrained The Cannon using the same setup described above for
the full 1676 stars in our main sample. For classification
purposes, we built a three-component Gaussian mixture model
in the Av-PS plane using the asteroseismic values and
classification of the full main sample. A three-component
mixture was chosen to classify stars into RGB, RC, and
secondary RC populations. Additionally, while the secondary
RC is core helium burning, they are not standard candles and
thus are consider contaminates for the purposes of this analysis.
We predicted the T, [Fe/H], Av, and PS for the secondary
test set of 621 stars and inferred a probability for each star
belonging to the RC using the mixture model. RC stars are
classified as those that have a probability of belonging to the
primary RC population greater than 95% (or less than a 5%
probability of belonging to either the secondary RC or RGB
population).

In Figure 6, we show the spectroscopic HRD for the full
1676 stars in the main sample (gray circles) and secondary test
set (cyan x’s). The colored boxes in Figure 6 represent the FPR
in T.g—log g bins, where there are at least five (non)RC stars for
our method. For comparison, in Figure 7, we illustrate the RC
FPR in different parts of the spectroscopic HRD for the same
stars but classified using the simple T.g, log g, [Fe/HI],
(J — K;) cuts described in Bovy et al. (2014).

The overall FPR for our method is less than 2%, while it is
significantly larger (~9%) for the other spectroscopic methods
presented in Bovy et al. (2014). We remind the reader that this
result is based on the assumption that the asteroseismic
classification is the “ground truth.” However, as shown in
Figures 6 and 7, the actual FPR is worse in regions where there
is contamination from either the secondary clump or RGB. Our
method largely improves the overall FPR of traditional
spectroscopic cuts especially in regions of the HRD, where
there is significant contamination from other non-RC stars.
These tests indicate that the new method presented in the work
will ultimately allow for a clean selection (at the few percent
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Figure 7. The same as Figure 6 but for RC stars classified using the method
presented in Bovy et al. (2014).

level or better) of core helium burning RC stars. One way to
improve the situation and further reduce the FPR is to add the
exquisite parallax information from the upcoming release of the
Gaia spacecraft. The addition of this information will allow for
strong constraints on the star’s surface gravity (and thereby
density), which can help improve the RGB-RC distinction.

4. Summary

In this paper, we present a robust way to determine whether a
red giant star is undergoing core helium burning (RC stars) or
shell hydrogen burning (RGB stars) using single epoch
spectroscopy. While this spectroscopic method is more indirect
than the gold standard of asteroseismology, it enables an
increase in our ability to generate large and clean samples of
RC stars because there are many more stars with spectra
than seismic information. Ultimately, the ability to cleanly
separate RGB and RC stars from spectroscopy can be applied
not only to APOGEE but other large surveys such as the
LAMOST (Xiang et al. 2017) survey, which contains more
than five million low-resolution optical spectra, to achieve
exceedingly precise distances to many stars enabling detailed
studies the structure of the Galaxy. An upcoming study will test
the wider applicability of the method outlined here by
presenting a catalog of RC stars in both the field and clusters
from LAMOST and APOGEE (Y.-S. Ting et al. 2017, in
preparation). An additional important application to these
newly found photospheric probes of core helium burning is to
aid in producing input catalogs for future asteroseismic
missions.

We thank the anonymous referee and M. Asplund for helpful
comments that improved this work. K.H. is funded by the
Simons Foundation Society of Fellows and the Flatiron
Institute Center for Computational Astrophysics in New York
City. Y.S.T. is supported by the Australian Research Council
Discovery Program DP160103747, the Carnegie-Princeton
Fellowship and the Martin A and Helen Chooljian Membership
from the Institute for Advanced Study at Princeton. This
project was developed in part at the 2017 Heidelberg Gaia
Sprint, hosted by the Max-Planck-Institut for Astronomie,
Heidelberg. This project has made use of Funding for the Sloan



THE ASTROPHYSICAL JOURNAL, 853:20 (6pp), 2018 January 20

Digital Sky Survey IV has been provided by the Alfred P.
Sloan Foundation, the U.S. Department of Energy Office of
Science, and the Participating Institutions. SDSS-IV acknowl-
edges support and resources from the Center for High-
Performance Computing at the University of Utah. The SDSS
web site is www.sdss.org.

SDSS-IV is managed by the Astrophysical Research Consortium
for the Participating Institutions of the SDSS Collaboration
including the Brazilian Participation Group, the Carnegie Institution
for Science, Camegie Mellon University, the Chilean Participation
Group, the French Participation Group, Harvard-Smithsonian
Center for Astrophysics, Instituto de Astrofisica de Canarias, The
Johns Hopkins University, Kavli Institute for the Physics and
Mathematics of the Universe (IPMU)/University of Tokyo,
Lawrence Berkeley National Laboratory, Leibniz Institut fiir
Astrophysik Potsdam (AIP), Max-Planck-Institut fiir Astronomie
(MPIA Heidelberg), Max-Planck-Institut fiir Astrophysik (MPA
Garching), Max-Planck-Institut fiir Extraterrestrische Physik
(MPE), National Astronomical Observatories of China, New
Mexico State University, New York University, University of
Notre Dame, Observatirio Nacional/MCTI, The Ohio State
University, Pennsylvania State University, Shanghai Astronomical
Observatory, United Kingdom Participation Group, Universidad
Nacional Auténoma de México, University of Arizona, University
of Colorado Boulder, University of Oxford, University of Ports-
mouth, University of Utah, University of Virginia, University of
Washington, University of Wisconsin, Vanderbilt University, and
Yale University.

Software: The Cannon (Ness et al. 2015; Casey et al.
2016), which can be found at https://github.com/andycasey/
AnniesLasso/archive/master.zip.

ORCID iDs

Keith Hawkins © https: //orcid.org/0000-0002-1423-2174
Yuan-Sen Ting @ https: //orcid.org /0000-0001-5082-9536
Hans Walter-Rix @ https: //orcid.org,/0000-0003-4996-9069

Hawkins, Ting, & Walter-Rix
References

Bedding, T. R., Mosser, B., Huber, D., et al. 2011, Natur, 471, 608

Bovy, J., Nidever, D. L., Rix, H--W., et al. 2014, ApJ, 790, 127

Bressan, A., Marigo, P., Girardi, L., Nanni, A., & Rubele, S. 2013, EPJWoC,
43, 03001

Casey, A. R., Hogg, D. W., Ness, M., et al. 2016, arXiv:1603.03040

Chaplin, W. J., & Miglio, A. 2013, ARA&A, 51, 353

Elsworth, Y., Hekker, S., Basu, S., & Davies, G. R. 2017, MNRAS, 466, 3344

Girardi, L. 1999, MNRAS, 308, 818

Gontcharov, G. A. 2017, AstL, 43, 545

Hawkins, K., Leistedt, B., Bovy, J., & Hogg, D. W. 2017, MNRAS, 471, 722

Hawkins, K., Masseron, T., Jofré, P., et al. 2016, A&A, 594, A43

Hinkle, K., & Wallace, L. 2005, in ASP Conf. Ser. 336, Cosmic Abundances as
Records of Stellar Evolution and Nucleosynthesis, ed. T. G. Barnes, III &
F. N. Bash (San Francisco, CA: ASP), 321

Holtzman, J. A., Shetrone, M., Johnson, J. A, et al. 2015, AJ, 150, 148

Iben, L, Jr. 1968, ApJ, 154, 581

Karakas, A. 1. 2010, ASSP, 16, 107

Kjeldsen, H., & Bedding, T. R. 1995, A&A, 293, 87

Lagarde, N., Decressin, T., Charbonnel, C., et al. 2012, A&A, 543, A108

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2015, arXiv:1509.
05420

Martell, S. L., Smith, G. H., & Briley, M. M. 2008, AJ, 136, 2522

Masseron, T., & Gilmore, G. 2015, MNRAS, 453, 1855

Masseron, T., & Hawkins, K. 2017, A&A, 597, L3

Masseron, T., Lagarde, N., Miglio, A., Elsworth, Y., & Gilmore, G. 2017,
MNRAS, 464, 3021

Montalban, J., Miglio, A., Noels, A., Scuflaire, R., & Ventura, P. 2010, ApJL,
721, L182

Mosser, B., Barban, C., Montalbdn, J., et al. 2011, A&A, 532, A86

Mosser, B., Goupil, M. J., Belkacem, K., et al. 2012, A&A, 540, A143

Ness, M., Hogg, D. W., Rix, H.-W., Ho, A. Y. Q., & Zasowski, G. 2015, ApJ,
808, 16

Pinsonneault, M. H., Elsworth, Y., Epstein, C., et al. 2014, ApJS, 215, 19

Salaris, M. 2007, in AIP Conf. Ser. 948, Unsolved Problems in Stellar Physics:
A Conf. in Honor of Douglas Gough, ed. R. J. Stancliffe et al. (Melville,
NY: AIP), 87

Schwarzschild, I. M., & Selberg, H. 1962, ApJ, 136, 150

Stanek, K. Z., Zaritsky, D., & Harris, J. 1998, ApJL, 500, L141

Stello, D., Huber, D., Bedding, T. R., et al. 2013, ApJL, 765, L41

Vrard, M., Mosser, B., & Samadi, R. 2016, A&A, 588, A87

Xiang, M.-S., Liu, X.-W., Yuan, H.-B., et al. 2017, MNRAS, 467, 1890

Yang, W., Meng, X., Bi, S., et al. 2012, MNRAS, 422, 1552


http://www.sdss.org
https://github.com/andycasey/AnniesLasso/archive/master.zip
https://github.com/andycasey/AnniesLasso/archive/master.zip
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0002-1423-2174
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0001-5082-9536
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://orcid.org/0000-0003-4996-9069
https://doi.org/10.1038/nature09935
http://adsabs.harvard.edu/abs/2011Natur.471..608B
https://doi.org/10.1088/0004-637X/790/2/127
http://adsabs.harvard.edu/abs/2014ApJ...790..127B
http://arxiv.org/abs/1603.03040
https://doi.org/10.1146/annurev-astro-082812-140938
http://adsabs.harvard.edu/abs/2013ARA&amp;A..51..353C
https://doi.org/10.1093/mnras/stw3288
http://adsabs.harvard.edu/abs/2017MNRAS.466.3344E
https://doi.org/10.1046/j.1365-8711.1999.02746.x
http://adsabs.harvard.edu/abs/1999MNRAS.308..818G
https://doi.org/10.1134/S1063773717060044
http://adsabs.harvard.edu/abs/2017AstL...43..545G
https://doi.org/10.1093/mnras/stx1655
http://adsabs.harvard.edu/abs/2017MNRAS.471..722H
https://doi.org/10.1051/0004-6361/201628812
http://adsabs.harvard.edu/abs/2016A&amp;A...594A..43H
http://adsabs.harvard.edu/abs/2005ASPC..336..321H
https://doi.org/10.1088/0004-6256/150/5/148
http://adsabs.harvard.edu/abs/2015AJ....150..148H
https://doi.org/10.1086/149782
http://adsabs.harvard.edu/abs/1968ApJ...154..581I
https://doi.org/10.1007/978-3-642-10352-0_2
http://adsabs.harvard.edu/abs/2010ASSP...16..107K
http://adsabs.harvard.edu/abs/1995A&amp;A...293...87K
https://doi.org/10.1051/0004-6361/201118331
http://adsabs.harvard.edu/abs/2012A&amp;A...543A.108L
http://arxiv.org/abs/1509.05420
http://arxiv.org/abs/1509.05420
https://doi.org/10.1088/0004-6256/136/6/2522
http://adsabs.harvard.edu/abs/2008AJ....136.2522M
https://doi.org/10.1093/mnras/stv1731
http://adsabs.harvard.edu/abs/2015MNRAS.453.1855M
https://doi.org/10.1051/0004-6361/201629938
http://adsabs.harvard.edu/abs/2017A&amp;A...597L...3M
https://doi.org/10.1093/mnras/stw2632
http://adsabs.harvard.edu/abs/2017MNRAS.464.3021M
https://doi.org/10.1088/2041-8205/721/2/L182
http://adsabs.harvard.edu/abs/2010ApJ...721L.182M
http://adsabs.harvard.edu/abs/2010ApJ...721L.182M
https://doi.org/10.1051/0004-6361/201116825
http://adsabs.harvard.edu/abs/2011A&amp;A...532A..86M
https://doi.org/10.1051/0004-6361/201118519
http://adsabs.harvard.edu/abs/2012A&amp;A...540A.143M
https://doi.org/10.1088/0004-637X/808/1/16
http://adsabs.harvard.edu/abs/2015ApJ...808...16N
http://adsabs.harvard.edu/abs/2015ApJ...808...16N
https://doi.org/10.1088/0067-0049/215/2/19
http://adsabs.harvard.edu/abs/2014ApJS..215...19P
http://adsabs.harvard.edu/abs/2007AIPC..948...87S
https://doi.org/10.1086/147360
http://adsabs.harvard.edu/abs/1962ApJ...136..150S
https://doi.org/10.1086/311420
http://adsabs.harvard.edu/abs/1998ApJ...500L.141S
https://doi.org/10.1088/2041-8205/765/2/L41
http://adsabs.harvard.edu/abs/2013ApJ...765L..41S
https://doi.org/10.1051/0004-6361/201527259
http://adsabs.harvard.edu/abs/2016A&amp;A...588A..87V
https://doi.org/10.1093/mnras/stx129
http://adsabs.harvard.edu/abs/2017MNRAS.467.1890X
https://doi.org/10.1111/j.1365-2966.2012.20728.x
http://adsabs.harvard.edu/abs/2012MNRAS.422.1552Y

	1. Introduction
	2. Data
	3. Results and Discussion
	3.1. Distinguishing RC Stars Using Predicted Asteroseismic Parameters
	3.2. What Spectral Features Predict Core Helium Burning?
	3.3. Contamination

	4. Summary
	References



