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ABSTRACT

Context. Evolved cool stars have three distinct evolutionary status: shell Hydrogen-burning (RGB), core Helium and
shell Hydrogen burning (RC), and double shell burning (AGB). Asteroseismology can distinguish between the RC and
the other status, but distinguishing RGB and AGB has been difficult seismically and spectroscopically. The precise
boundaries of different status in the HR diagram have also been difficult to establish.

Aims. In this article, we present a comprehensive catalog of asteroseismic evolutionary status, RGB and RC, for evolved
red giants in the Kepler field. We carefully examine boundary cases to define the lower edge of the RC phase in radius
and surface gravity. We also test different published asteroseisemic methods claiming to distinguish AGB and RGB
stars against a sample where AGB candidates were selected using a spectrocopic identification method.

Methods. We used six different seismic techniques to distinguish RC and RGB stars, and tested two proposed methods
for distinguishing AGB and RGB stars. These status were compared with those inferred from spectroscopy.

Results. We present consensus evolutionary status for 18784 stars out of the 30, 337 red giants present in the Kepler data,
including 11516 stars with APOGEE spectra available. The agreement between seismic and spectroscopic classification
is excellent for distinguishing RC stars, agreeing at the 94% level. Most disagreements can be traced to uncertainties
in spectroscopic parameters, but some are caused by blends with background stars. We find a sharp lower boundary in
surface gravity at log(g) = 2.99£0.01 for the RC and discuss the implications. We demonstrate that asteroseismic tools
for distinguishing AGB and RGB stars are consistent with spectroscopic evolutionary status at near the RC (with the
asteroseismic large separation Av < 2uHz) but that the agreement between the different methods decreases rapidly as
the star evolves during the AGB phase.

Conclusions. This work present the most complete evolutionary status catalog for Kepler and APOGEE red giant stars.
The data precisely defines the locus of RC stars in the HR diagram, an important constraint for stellar theory and stellar
populations. We also demonstrate that asteroseismic tools can distinguish between AGB and RGB stars under some
circumstances, which is important for the age estimation for field stars. However, we also put forward the importance
of using several techniques to assess the evolutionary status determination for luminous red giants.
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1. Introduction

Luminous red giants are prime targets for modern surveys
of Galactic populations and their implications for galaxy
formation and evolution. Historically, however, it has
proven challenging to infer masses and ages for red giants.
The underlying cause is straightforward; stars with a
wide range of birth mass and composition converge into
a remarkably small range of surface temperature after
leaving the main sequence, particularly when they burn
their helium in their core. Furthermore, all evolved giants
have a wide dynamic range in luminosity. Therefore, both
of the classical mass diagnostics on the main sequence
(surface temperature and luminosity) are difficult to
use as reliable mass or age indicators for cool giants.
An important solution to that problem came with the
emergence of large scale asteroseismology. With the launch
of the space missions CoRoT (Convection, Rotation and
planetary Transits: Baglin et al. 2006) and Kepler (Borucki
et al. 2010), we discovered that virtually all cool evolved
stars exhibit rich power spectra showing evidence for
many oscillation frequencies. Turbulence in the outer
layers of giants, which excites waves, is a natural physical
explanation. In fact, red giant stars are solar-like oscillators
that present mostly pressure modes in their spectra. They
are the signature of acoustic waves stochastically excited
by turbulent convection in the outer layers of the star. In
combination with effective temperatures, the information
derived from the radial modes is used to deliver unique
information on stellar masses and radii (e.g. Kallinger
et al. 2010).

Red giant stars can also be divided into three distinct
evolutionary status. First ascent red giants, hereafter RGB
stars, have a hydrogen-burning shell surrounding an inert
helium core. Once helium ignites in the core, they become
red clump (hereafter RC) stars, with core He burning and
shell-hydrogen burning. Once RC stars exhaust core he-
lium, they become double shell burning stars (hydrogen
and helium), and they asymptotically approach the RGB;
we refer to these as asymptotic red giants, hereafter AGB.
The RC is prominent in field stellar populations, and it is a
potent diagnostic of stellar populations and stellar physics.
As an example, RC stars are commonly used as distance
and extinction indicators (see e.g. Girardi 2016, for a more
complete description of the use of RC stars).

However, the spectroscopic parameters of RC stars are
very close to RGB and AGB stars, therefore producing a
possible confusion between the evolutionary status. If the
observed sample of stars spans a large range of metallicity,
distances or ages, the location of the RC overlaps the RGB
in the colour-magnitude diagram, therefore rendering its
identification difficult. In addition, RC and RGB stars
have very different internal structures, and RC stars can
have experienced significant mass loss relative to RGB
stars because they are in a later evolutionary status. Both
of these effects can be important for understanding the
ages and masses of both stellar populations.

Fortunately, with the advent of asteroseismology it
became apparent that RC and RGB stars had different
oscillation frequency patterns (Dupret et al. 2009; Mosser
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et al. 2012b), tied to differences in their internal structure.
These pattern differences, as discussed below, can be used
to infer asteroseismic evolutionary status that are precise
and accurate. (e.g. Bedding et al. 2011; Mosser et al.
2011a). The underlying cause is that red giant oscillation
spectra exhibit non-radial mixed modes (Beck et al. 2011)
in addition to pure pressure modes. Because they behave
as acoustic waves in the envelope and as gravity waves in
the core, they carry unique information on the physical
conditions inside the stellar cores. Therefore, dipole mixed
modes can be used to distinguish RC stars from RGB
stars. Several automated methods were developed during
the last decade using differences in the mixed mode
pattern to separate RC from RGB stars (Stello et al. 2013;
Vrard et al. 2016; Elsworth et al. 2017; Hon et al. 2017,
2018). Several other techniques, focusing on the use of
the pressure modes, were also developed (Kallinger et al.
2012; Mosser et al. 2019). These methods are supported by
evidence that the evolutionary status also has an influence
on the pressure mode pattern through the measurement
of the Helium second ionization zone (Vrard et al. 2015;
Dréau et al. 2021) or the solar-like oscillation envelope
(Mosser et al. 2012a, 2019). Kallinger et al. (2012) and
Mosser et al. (2019) also attempted to distinguish AGB
from high-luminosity RGB stars, but without independent
verification.

The precise determination of the evolutionary status
also recently allowed characterization of the beginning
of the RC phase called the zero-age sequence of Helium
burning stars (ZAHB). This feature, a robust prediction
of stellar structure and evolution theory, was first clearly
identified in globular star clusters and quantified in
the 1950s (e.g. Arp et al. 1953). However, it was more
difficult to observe in field populations until the advent
of asteroseismology. With asteroseismic determinations of
evolutionary status, a clear boundary on the mass-radius
diagram is evident (Li et al. 2021). Stars below the
bulk population were identified as peculiar stars showing
evidence of mass loss (Li et al. 2022). The precise location
in the HR diagram of the ZAHB is a sensitive test of
stellar model physics. A good example is core overshooting
(Tayar & Pinsonneault 2018). Therefore, measuring the
evolutionary status of a higher number of stars will lead to
a better understanding of the RC characteristics and the
physics occurring during this phase of stellar evolution.

Spectroscopy and precise photometry can also be used
to separate out stars in different evolutionary status. This
is most clearly seen in star clusters, where the RC and RGB
are distinctively separated, with the RC being systemati-
cally hotter. Core He-burning stars with a wide range of
masses and metallicities are found in the RC. The temper-
ature offset is a weak function of mass and metallicity. At
sufficiently low mass or metallicity a blue horizontal branch
emerges, and the temperature offset becomes a strong func-
tion of mass; however, such stars are typically too hot to
show solar-like oscillations. The AGB is more sparsely pop-
ulated, but is also hotter, and clearly distinct from the RGB
in populous globular clusters. For those stars, it is therefore
possible to clearly separate RGB from RC and AGB stars
by defining a temperature difference between these popu-
lations with composition, mass and age information. These
differences are blurred in field populations, where the RGB
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locus is a very sensitive function of metallicity, and masses
are more challenging to infer using traditional tools.

The APOGEE survey (Majewski et al. 2017; Wilson
et al. 2019) used asteroseismic surface gravities as a fun-
damental calibrator. However, it quickly became apparent
that there was an offset between asteroseismic and spec-
troscopic surface gravities that depends on evolutionary
status. This finding implied that it was necessary to infer
a spectroscopic evolutionary status for the vast majority
of APOGEE targets without asteroseismology in order to
ensure that the appropriate correction was applied to the
data. The basic principle was as follows. At any given age
and composition, there is a clear slope in T.g as a function
of log(g) for the RGB in the HR diagram that can be empir-
ically measured. The APOGEE survey provides precise and
accurate abundances (Jonsson et al. 2020). For the overlap
sample between APOGEE and Kepler, the mass, metal-
licity, and evolutionary status are all known. The observed
properties of the stars can then be used to remove mass and
composition effects, producing a temperature offset distri-
bution for field stars that is similar to the star cluster case.
When this is done, the temperature offset between the RC
and RGB is clearly seen, and can be used as a reliable di-
agnostic of evolutionary status (Jonsson et al. 2020). This
approach was used in APOGEE DR16 (Jonsson et al. 2020),
and a related formulation was derived for DR17 (Warfield
et al. 2024).

The process just described did not include any attempt
to distinguish between RGB and AGB status. However, the
same principles can be applied to them as for the RC: there
are two clearly separated branches just above the RC in the
HR diagram. The main, crucial difference is that the AGB
and RGB converge at higher luminosity and lower surface
gravity compared to the RC, meaning that they are not
easy to distinguish in the luminous domain. We discuss our
detailed method for separating these groups in Section 8.

Elsworth et al. (2019) used the large number of au-
tomated techniques, both asteroseismic and spectroscopic,
able to evaluate the evolutionary status of a large num-
ber of red giant stars. Good agreement was found be-
tween the methods. We believe that it is appropriate to
re-address this question for several reasons. First of all, new
techniques have been developed since then (Mosser et al.
2019; Kuszlewicz et al. 2020). We also have an extended
sample available for analysis called the Kepler Red giant
Legacy catalog. This final Kepler red giant data sample,
treated specifically for seismology, were recently analyzed
(Garcia et al. in preparation). The Kepler seismic sample
now contains 30,337 red giants and the APOGEE data
release 15,464, while Elsworth et al. (2019) concentrated
their analysis on 6,661 stars. A larger spectroscopic data
set from APOGEE is also available, allowing a thorough
study. In this paper, using the extensive amount of data
available, we aim at comparing and assessing the reliability
of seismic methods to obtain the evolutionary status of red
giants (RC or RGB). We will then evaluate the agreement
with the spectroscopic evolutionary status determination,
thereby improving its calibration. Additionally, we will ana-
lyze what these new evolutionary status results bring to our
understanding of stellar evolution and stellar models using
seismic and spectroscopic data. For this analysis, we will
focus on a subsample of stars that have APOGEE data:
APOKASC-3 (Pinsonneault et al. 2024). With our large
sample, we can also perform a search of stars below the tra-

ditional location of the RC, to precisely measure the min-
imum surface gravity for the population. Finally, we will
discuss the possibility to separate, seismically and spectro-
scopically, the AGB from the RGB stars beyond the RC.

The layout of the paper is as follows: Section 2 de-
scribes the seismic and spectroscopic data and the extrac-
tion of the main seismic and spectroscopic stellar parame-
ters, Section 3 introduces the characteristics of the differ-
ent seismic methods that were used in this work, Section 4
sets out the merging of the methods to obtain the finalized
list of stellar evolutionary status and evaluate the agree-
ment between the different methods, Section 5 details how
the spectroscopic classification was performed, Section 6 is
devoted to the comparison between the results of spectro-
scopic and seismic classification, Section 7 approaches how
the development of such a large sample of stars with iden-
tified evolutionary status can be used as observational con-
straints for models, Section 8 addresses the determination
of the evolutionary status beyond the RC phase, Section 9
is devoted to our conclusions.

2. Seismic data selection and description
2.1. Kepler observations and data selection

We used the KEPSEISMIC! long cadence Kepler light
curves. The data were corrected following the methods ex-
plained in Garcia et al. (2011) with gaps filled using a
multiscale discrete cosine transform (Garcia et al. 2014).
The initial seismic sample of stars was obtained from the
preparatory work done for the red giant Kepler legacy cat-
alog (Garcfa et al. in preparation) containing 30, 337 candi-
date stars. For each of them, if the presence of oscillations
were asserted by Garcfa et al. (in preparation), the global
seismic parameters (the large separation Av and frequency
Vmax Of maximum oscillations) were determined following
different methods. When at least three of those methods
identified oscillations and were able to measure Av and
Vmax, the median values of those two parameters from the
different methods were taken as preliminary results. After
filtering for outliers and background stars, preliminary Av
and vax were determined for 25, 393 stars (Garcia et al. in
preparation, see also table 2). Although we use the ensem-
ble of these stars for the evolutionary status analysis, we
later focus on a subsample of 15,464 stars with APOGEE
values from Pinsonneault et al. (2024). For the rest of the
paper we call this subsample the APOKASC-3 sample..

2.2. Determination of the global seismic parameters

Pinsonneault et al. (2024) inferred the global asteroseismic
properties Av and v,y for all targets. They used a total of
10 distinct techniques for vy.x and 7 for Av and performed
a rejection of outliers and background sources. Where pos-
sible, background sources were identified with the use of
the spectroscopic APOGEE data: an estimation of vy .y is
deduced from spectroscopy, with surface gravities and ef-
fective temperatures, and compared to the measured v ax
(Pinsonneault et al. 2024). If this measurement is out of
the rough domain expected given the spectroscopic data,
the value is considered as a background source. An outlier
rejection processed was also performed by rejecting mea-

! https://archive.stsci.edu/prepds/kepseismic/
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surements discrepant from the median at more than 5o.
Details of the process are described in Pinsonneault et al.
(2024) and Garcia et al (in preparation). For stars without
APOGEE spectra we required detections in both Av and
Vmax from 3 different methods. We then used the median
values as an estimation of Av and vpay in the rest of the
paper. These estimations were then used as an aid by the
different evolutionary status determination methods. We
note that the global seismic parameters for the stars with-
out APOGEE spectroscopic data are preliminary ones. We
present the evolutionary status of these stars in this paper,
and defer a more detailed discussion of their properties to
Garcia et al. (in prep).

2.3. APOGEE data description and selection

Our paper uses spectroscopic data obtained with the 2.5-
meter Sloan Foundation telescope (Gunn et al. 2006) as a
part of the high-resolution APOGEE near-infrared survey
(Majewski et al. 2017; Wilson et al. 2019). Spectroscopic
parameters were inferred with the ASPCAP pipeline
(Garcia Pérez et al. 2016), applying the linelists (Shetrone
et al. 2015; Smith et al. 2021) and the calibration procedure
described in Jonsson et al. (2020).

We use the sixteenth data release from the Sloan Digital
Sky Survey (Ahumada et al. 2020), hereafter DR16. All
Kepler field targets were obtained prior to the most recent
data release, DR17 (Abdurro’uf et al. 2022), so the DR16
sample is complete. In DR16 a polynomial fit to distin-
guish spectroscopic evolutionary status was adopted, then
the asteroseismic status was applied as a calibration sam-
ple (see Section 5 below). This was replaced with a neural
net classification in DR17, which is less useful for our pur-
poses, because we need to extend the APOGEE calibration
to AGB stars. We therefore work with the DR16 data for
this project; the two releases are calibrated to the same
fundamental system and are close to one another in mean
properties. See Pinsonneault et al. (2024) for a more de-
tailed comparison.

Our Kepler field data were selected to prioritize targets
with time domain data. See Pinsonneault et al. (2014) for a
discussion of the Kepler selection function, Zasowski et al.
(2017) for APOGEE targeting, and Pinsonneault et al.
(2018) for specific targeting data in the Kepler fields.

3. Seismic methods description

In this section, we will briefly describe the different meth-
ods that were used to determine the evolutionary status
of red giant stars. Most of these methods focus on the
separation between RC (He-core burning objects, includ-
ing massive stars usually called secondary red-clump stars)
and RGB stars because differentiating AGB and high-
luminosity RGB stars is particularly challenging. AGB and
RGB stars have a similar mode pattern with small Av
and Vpmax and similar gravity-mode period spacings (Ally)
(Stello et al. 2013, their Figure 4b). Moreover, the increas-
ing lifetime of the mixed modes when the star evolves on the
RGB or AGB branch render the detection of those modes
particularly difficult with Kepler length of observation; the
decreasing coupling to the core with increasing luminosity
makes detecting mixed modes even more difficult (Grosjean
et al. 2014). Therefore, in this Section we focused on the
separation between RC and RGB stars.

3.1. First Method (M1): Vrard et al. (2016)

This first method is based on the measurement of the
asymptotic gravity-mode period spacing (AIl,), as given by
Vrard et al. (2016). The technique is based on the stretch-
ing of the frequencies in the oscillation spectrum (Mosser
et al. 2015) in order to obtain a mixed-mode pattern spaced
regularly in period, corresponding to AIl;.

The radial (¢ = 0) and quadrupole (¢ = 2) modes are
first identified using the universal red giant oscillation pat-
tern as described by Mosser et al. (2011b) then suppressed
from the spectra. Then, the modification of the spectrum
frequencies is applied and it follows that the regularity
of the g-mode pattern can be measured using a Fourier
Transform. This allows the measurement of the AIl; pa-
rameter and, therefore, permit the determination of the
stellar evolutionary status.

3.2. Second method (M2): Mosser et al. (2019)

This second method is based on the measurement of the
Av signal present on the autocorrelation of the star’s time-
series. The signature of the pressure mode pattern can
be retrieved by performing a Fourier Transform of the fil-
tered Fourier spectrum (EACF) around the observed oscil-
lations. This corresponds in this case to an autocorrelation
(Mosser & Appourchaux 2009). The obtained EACF signal
can therefore be measured and it appears that this signal
is notably lower by a factor of 2.5 for RC stars compared
to RGB stars at same Av values. This difference is partly,
if not totally, due to the fact that RC pressure modes have
shorter lifetimes than RGB ones (Vrard et al. 2018). This
behavior can therefore be used to determine the evolution-
ary status of red giants.

Because this method is not using the mixed modes pat-
tern or the global seismic parameters, Mosser et al. (2019)
has also used it to differentiate AGB and RGB stars. At
first approximation, for the construction of the determined
evolutionary status sample, the stars labeled as AGB by
this method were included in the RGB sample.

3.3. Third method (M3): Hon et al. (2017, 2018)

Method 3 is a machine learning technique based on 1D
convolutional neural networks. For each spectrum, the fre-
quency range where the oscillations are present is folded
around 3 Av + vpax. The program is then trained on la-
belled data in order to allow it to recognize the features
corresponding to RGB or RC power spectra. The clear dif-
ference in the mixed mode pattern between RC and RGB
stars is likely the main feature that allows that determi-
nation (Hon et al. 2017). Finally, the program is used on
non-classified red giants. The success rate of the classifi-
cation was found to be very high, even for stars with low
signal-to-noise spectra (Hon et al. 2018).

3.4. Fourth method (M4): Elsworth et al. (2017)

This method is based on the measurement of the mixed
mode period spacing (AP) in the region of the acoustic
spectrum where the oscillations are visible. The location of
the £ = 1 mixed modes in the acoustic spectrum is deter-
mined using the Universal Pattern (Mosser et al. 2011b).
This information is used to exclude the even ¢ modes from
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the analysis. A threshold level, based on the signal-to-noise
in the spectrum, is applied to the regions around the ¢ =1
mixed modes and the frequency of all the data points above
this threshold is noted. Now working in the period domain,
a histogram is formed from the difference in period, between
each feature and all the other features within about 0.3Awv.
Because the AIl; parameter (and hence AP) is much larger
for RC stars than it is for RGB stars, the location of the
peak in the histogram allows the classification of the evolu-
tionary status. The evolutionary status is therefore deter-
mined following the AP and vpy.x values. More informa-
tion on the precise definitions of AP and vy, are given
in Elsworth et al. (2017). This method was proven to be
effective in its classification for spectra with resolved and
not depressed mixed-modes.

3.5. Fifth method (M?5): Kuszlewicz et al. (2020)

This method uses a machine learning technique and is based
on the light-curve characteristics, in contrast to the pre-
vious ones which use the power spectrum. The algorithm
corresponds to a supervised classification algorithm and is
based on the principle that several light-curve character-
istics (variance, magnitude, signal coherency, normalized
number of zero crossing, median of time-series first differ-
ences) are slightly different as a function of the stellar evolu-
tionary status. For each star, these characteristics are mea-
sured. The program is, then, trained to classified RGB and
RC stars based on already classified data. After that, the
program is applied on unclassified red giants. If there is less
than a 33% chance that a star is RC (respectively, RGB)
it will be classified as RGB (respectively RC). According
to Kuszlewicz et al. (2020), the false positive rate for this
technique is lower than 8%.

3.6. Sixth method (M6): Kallinger et al. (2012)

This last method is based on the precise pressure mode
pattern. This technique locates the radial (¢ = 0) modes
in each spectrum and deduces from those frequencies the
value of the phase shift e of the central radial mode, € cor-
responding to the offset in the linear asymptotic fit to the
acoustic modes. At given Av, this parameter is significantly
different for RGB stars compared to the RC stars (Kallinger
et al. 2012). This behavior can be related to deviations from
the asymptotic relations due to sharp changes in the inter-
nal structure of stars (Vrard et al. 2015). The method was
proven to be efficient even at low signal-to-noise (Kallinger
et al. 2012; Kallinger 2019; Dréau et al. 2021). However,
there is some overlapping between € values at the same Av
for RGB and RC stars (Kallinger et al. 2012), which can
lower the confidence of the classification.

Because this method uses only the pressure mode pat-
tern it can be extended to the distinction between AGB
and RGB stars. Here, as for M2, the stars labeled as AGB
by this method were included in the RGB sample as a first
approximation for the construction of the determined evo-
lutionary status sample.

4. Forging a seismic evolutionary status consensus
sample

In this section, we will describe the different results that
were obtained for each of the previously described methods
and explain how we selected the final sample containing
consensus values on the star’s evolutionary stages.

4.1. Result description

The results from the different techniques are shown in table
1. Concerning Method 1, two different codes were used as
described in Vrard et al. (2016). In the rest of the text,
the different techniques will be referred as the results from
Method M1A and M1B.

We can see that the machine-learning techniques (M3,
M5) and the method M2 provide the highest number of
results. This is understandable, because these automated
techniques are based, respectively, on the shape of the
spectra, the light-curves parameters and the pressure mode
pattern. Those characteristics can indeed be measured or
recognized in an easier way than mixed-modes, therefore
allowing a determination of the evolutionary status for
a larger number of stars. On the contrary, method M1
and M4 give a lower number of results, mainly for RC
and RGB stars with vy > 20uHz because mixed modes
disappear for high-luminosity red giants due to lower
coupling between the resonant cavity of the two types of
modes (see e.g.: Grosjean et al. 2014). The only exception
concerns method M6, which is also based on the analysis
of the pressure mode pattern but gives a result for a
limited number of stars. This can be understood by
the fact that this technique needs a precise identifica-
tion of the modes, which is not easy to realize with a
high confidence for a large number of stars. The sample
of analyzed stars was therefore restricted for this technique.

The automated techniques that gave the most results
(M2, M3 and M5) also have a few stars they identified as
RC in their sample and that possess spectroscopic charac-
teristics (Tes and log(g)) that correspond to the lower part
of the RGB. These probable misidentifications are all lo-
cated near the Nyquist frequency for Kepler targets, which
can explain the confusion for automated techniques because
the spectra become difficult to analyze at those frequencies.
We will address the case of these stars later in the paper.

4.2. Merging classification results

For each method, the stars were classified into three
categories: RGB, RC or undetermined. We used the
comparison between the different methods to improve
the robustness of the evolutionary status determination
as was done by Elsworth et al. (2019). Putting together
the classification provided from those methods was made
following five different scenarios:

The first scenario happens when at least three methods
agrees with each other on the evolutionary status classifi-
cation and no technique disagrees. In this scenario, some
methods may not provide any results, therefore consider-
ing the star’s evolutionary status as unclassified. This is
not considered as a disagreement between the methods. In
that situation, the consensus on the classification is clear
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Seismic evolutionary status M1A MI1B M2 M3 M4 M5 M6
Red giant Kepler legacy sample 7756 8102 24404 24716 16580 21941 6179
-RC 4603 4929 10218 8405 6726 8590 2569
-RGB/AGB 3153 3173 14186 16311 9854 13351 3610
APOKASC-3 sample 4801 5017 14237 14302 10116 14138 6151
-RC 3233 3409 5753 5207 4402 6088 2561
-RGB/AGB 1568 1608 8484 9095 5711 8050 3590

Table 1: Number of evolutionary status results given by the different seismic methods for the red giant Kepler legacy
sample (Garcia et al., in preparation) and the APOKASC-3 (Pinsonneault et al. 2024) stars.

and the star can be considered as a RGB or RC star fol-
lowing what the methods agreed on. The classification is
considered as being robust.

The second and third scenarios arise when at least three
methods agrees with each other but another one disagrees,
the other ones giving an undetermined status classification.
In that situation, we looked at which method disagrees with
the consensus because some methods are probably less reli-
able than others. For that work, we considered the methods
that based their classification on the mixed modes analy-
sis as the most reliable because it is principally this fea-
ture present in the oscillation spectra that allows a dis-
tinction between RC and RGB stars. The other methods
like the ones presented in Kallinger et al. (2012) (M6) and
Mosser et al. (2019) (M2) present an overlap between the
two populations for the classification criterion they consid-
ered. M5 (Kuszlewicz et al. 2020) has also a lower suc-
cess rate, around 92 %, than the methods that use mixed
modes. Therefore, when the only disagreement comes from
the methods M2, M5 or M6, we will follow the classifica-
tion from the other methods. However, when the disagree-
ment comes from methods M1A, M1B, M3 or M4, we
classify the star as having an uncertain evolutionary sta-
tus.

A fourth scenario occurs when two methods or more
are giving an evolutionary status determination that con-
tradicts two other methods or more. In that situation, the
star is classified as having a conflict in the evolutionary sta-
tus classification. We will discuss these stars in more detail
in part 4.4.

The last scenario corresponds to when two or fewer
methods are giving a classification result. In that situation,
we considered that a consensus is not reached on the
evolutionary status. Therefore, the star is classified as
having an undetermined evolutionary status.

Below is a summary of the classification process for the
evolutionary status (here noted EV) as a function of the
number of agreements (A) and disagreements (D) between

the different methods.

>34, 0D
>3A, 1D (M2, M5, M6) —— = robust EV

>3A, 1D (M1A,M1B, M3, M4) — uncertain EV

>2A,>2D conflict

<2A, <1D ——  undetermined EV
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Fig. 1: Stellar surface gravity as a function of the effective
temperature Tog for the stars classified as having a robust
evolutionary status. The red stars represent the RC and
the blue stars represent the RGB or AGB stars for high-
luminosity targets.

4.3. Classification results and discussion

From this classification, we obtained an evolutionary status
for 18784 stars (11387 RGB and 7397 RC). Among them, we
have APOGEE data for 11516 stars (6732 RGB and 4784
RC). The results are displayed in Figure (1) for APOGEE
data and the complete results are available at the CDS.
The first lines of the data file are given as an example in
Table 2. The RC appears in a well defined compact line
with 2 < log(g) < 3. However, a few stars, identified by
several methods as RC stars, appear to have particularly
high and low surface gravity values. We will discuss about
those stars in more detail in Section 7. The RGB (or AGB)
are distributed along all the red giant branch except at
high and low surface gravity. The low red giant branch is
not visible because the detection of seismic oscillations be-
low the Nyquist frequency (corresponding to approximately
283.0uHz for Keplerlong-cadence data) is very difficult and
will greatly affect possible consensus on the evolutionary
status. The tip of the RGB or AGB is also not visible: the
detection of the oscillation for highly luminous RGB and
AGB becomes very difficult because of the length of the pul-
sations and the small number of visible modes (e.g. Mosser
et al. 2013; Stello et al. 2014). The length of the observa-
tion does not ensure a high enough spectral resolution to
obtain an estimation of the seismic parameters, therefore
hampering a possible consensus on the evolutionary status
for those stars. We note that, above the RC, fewer RGB or
AGB stars have an identified evolutionary status. The cause
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KIC number  vmax (pHz) Av (uHz) classification status  evolutionary status
757076 261.7 18.79 1 1
757137 30.0 3.39 1 1
892010 18.0 2.44 1 1
892107 274.5 17.64 1 1

Table 2: First lines of a joined file summarizing the evolutionary status determination. The different columns correspond
respectively to the KIC number, preliminary vp.yx, preliminary Av, the classification result (0 for undetermined, 1 for
robust) and the evolutionary status (1 for RGB/AGB, 2 for RC, —1 for no classifications).

of this comes from the lower number of methods retrieving
an answer for these red giants.

We also note that a few stars appears to possess values
of spectroscopic parameters far away from what we expect
for red giants. We have a few hundred with spectroscopic
parameters closer to main-sequence stars than to red
giants. This behavior corresponds in part to the fact
that the spectroscopic measurement can be biased by the
presence of background stars with different spectroscopic
parameters (Pinsonneault et al. 2012) and, in part, from
the selection of the red giant Kepler legacy sample that
contains a few targets wrongly identified as giants because
their aperture are polluted by nearby red giants (Garcia
et al. in preparation). These targets will be checked and
modified in the published version of the red giant Kepler
legacy sample. Four stars with very low spectroscopic
surface gravity and identified as RC by seismology are also
present in the final sample. Those targets are identified
as likely belonging to background stars because their
spectroscopic log(g) values deviates more than 2 o from
the seismic ones.

The stars with undetermined evolutionary status due
to too few results from the different methods are shown
in a Kiel diagram in Figure 2. There are 5276 such
APOKASC-3 stars (9211 for the full red giant legacy
sample). Most of those correspond to stars with very low
or very high surface gravity, particularly stars with a vpmax
value near the Nyquist frequency. This is consistent with
the difficulty to obtain a reliable seismic measurement
for these stars. We note particularly that many of these
stars have spectroscopic parameters corresponding to
main-sequence or subgiants rather than giants. Those
characteristics correspond certainly to blended sources
in the Kepler pixels: stars with different spectroscopic
parameters blended in the same KIC number. The seismic
signature we perceive is thus related to the background
red giant star and not the main spectroscopic target.
Those faint red giants are particularly difficult to analyze,
therefore their evolutionary status will not be determined
by the different automated techniques, consistent with the
results we obtained. In the bottom part of Figure 2, we
can see that most of those targets correspond to stars with
long light-curves. It is also clear from Figure 2 that we
can detect and classify the vast majority of giants with
intermediate surface gravities. It demonstrates that even
for long light-curves, the classification for low-log(g) stars
is not always easy, probably due to the disappearance of
the mixed-modes and the decrease of AIl; towards the
RGB values. A few stars with spectroscopic parameters
consistent with RC are also present in the top part of
Figure 2. Those red giants do not appear in the bottom
part of the Figure, therefore showing they correspond to
stars with short light-curves. Therefore, these targets have
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Fig.2: Spectroscopic stellar surface gravity as a function
of the effective temperature Teg for the stars having an
undetermined evolutionary status (Top: 5276 APOKASC-3
targets) and a duration of observation higher than 4 months
(Bottom: 3670 APOKASC-3 targets).

low signal-to-noise spectra and more complex spectral
windows, which explain why the determination of their
evolutionary status is difficult and no consensus were
reached from the different methods.

4.4. Conflicted evolutionary status

Among the stars that were not classified as RC or RGB,
only 452 of APOKASC-3 red giants have an evolutionary
status that correspond to the fourth scenario when a clear
conflict arises between the different methods (650 in the to-
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tal red giant legacy sample). In order to understand where
this conflict arises we performed a thorough analysis of the
evolutionary status of this sample. We checked individu-
ally the AII; values of those stars following the method
of Mosser et al. (2014) and Vrard et al. (2016). We con-
firmed an unambiguous measurement for 109 stars in this
sample. The results are displayed in Table 3. It is impor-
tant to note that very few (< 10) of these possess short
light-curves (< 4 months). Therefore, a determination of
the evolutionary status should be possible in those targets.

Do you mean ” The fraction of stars with disagreements
between methods on the evolutionary status is 2.5-4.2%,
thus showing the high level of agreement between the meth-
ods. We can also see that the correct evolutionary status for
conflict stars, following AIl; measurement, is deduced cor-
rectly for more than 70 % of red giants for M1A, M1B and
M4. This is consistent with the fact that those techniques
based on the mixed modes are more reliable and we confirm
our selection of those techniques as more reliable when a
conflict is arising. We can note also the good reliability of
M3, which tends to agree with the verified AIl; values for
more than half of the case. This result can be understood
because this method is based on the shape of the oscillation
spectra around the pure pressure £ = 1 modes, therefore on
the mixed-mode pattern global appearance. M2, M5 and
M6 show less reliability. Because those techniques are based
on secondary indicators or parameters (pressure-mode pat-
tern, light-curve analysis, amplitude of the oscillation en-
velope) for which the two evolutionary status overlap, this
behavior is not surprising. These results highlights the re-
liability of the mixed-mode based methods when a conflict
arises. These results confirm our overall classification ap-
proach (Section 4.2), where we adopted the consensus value
if a single method disagreed.

For the rest of the analysis, we will now focus on the
susbsample containing the APOKASC-3 data in the red
giant Kepler legacy sample, therefore allowing to perform a
more detailed analysis of this sample and its evolutionary
status determination.

5. Distinguishing RC and RGB stars with
spectroscopic data

The APOGEE survey uses a multi-layered approach for
measuring stellar properties. In the first set of stages, an
automated pipeline is used to infer trial values for key ob-
servables (Tef, log(g), the ratios of metals, carbon and ni-
trogen: respectively [C/M] and [N/M], and the alpha to
iron ratio: [a/Fe]). These trial values are then placed on
an absolute system in a post-processing calibration step.
The assignment of a spectroscopic evolutionary status is
an important ingredient for inferring spectroscopic surface
gravities because of a still poorly-understood phenomenon:
the difference between the trial log(g) (here ginit) and cal-
ibrated log(g) (here gca1) is observed to be a function of
evolutionary status.

Spectroscopic evolutionary status take advantage of the
fact that the RC exists only in a narrow log(g) range, and
that RC stars are hotter than first ascent RGB stars on
average. The T,g difference between them, of order 200K,
is found to have a weak dependence with mass, metallicity,
and surface gravity, although the absolute effective tem-
peratures of both populations are sensitive to all three.
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Fig. 3: Distribution of stars as a function of T;ef. The blue
and red histograms correspond, respectively to RGB/AGB
and RC stars as determined by seismology following Section
4.
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The APOGEE survey therefore defines a reference surface
temperature (Tyef) as a function of log(g), metallicity, and
carbon-to-nitrogen: [C/N] (a spectroscopic proxy for mass),

Tref =
3032.8 + 552.6l0g (ginie) — 488.9[M/H] — 357.1[C/N] (1)

Stars with 3.5 > log(ginit) > 2.38 and Teg > Trer were
classified as RC stars in DR16 (Jonsson et al. 2020), and
they were assigned a surface gravity

log(geal) = log(ginit)—|—4.532—3.22210g(ginit)+0.528(log(gi(nit)))2.

2

All other stars with log(ginit) < 3.5 had the RGB cor-
rection applied,

log(geal) = log(ginit) — (—0.441 + 0.75910g(Gginit ) —
0.267(10g(ginit )% + 0.028(log(ginit))® + 0.135[M/H]), (3)

while dwarfs with log(ginit) > 4 had the following correction
applied:

10g(gea1) = 10g(Ginit)—(—0.947+1.886 10~ *Topt spec+0.410[M /H])

(4)

Subgiants with 3.5 < log(g) < 4.0 had a weighted av-
erage of the dwarf and RGB values assigned. These sur-
face gravity assignments are important for what follows,
because stars with an erroneous spectroscopic evolutionary
status will have the wrong correction applied, which moves
them away from their true position in the surface gravity-
temperature plane. Figure 3 shows the stars asteroseismi-
cally classified as RGB (blue) and RC (red) clearly sepa-
rated in the Ty plane. The large majority of stars fall nat-
urally on the positive side or the negative side of Tyqf, but
a significant subset do not. Those red giants will likely be
spectroscopically classified incorrectly relative to the seis-
mic classification. We fitted a Gaussian function over the
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Conflict stars M1A M1B M2 M3 M4 M5 M6
Total 118 212 451 451 420 449 243

% of robust EV 2.45 423 3.17 3.15 4.15 3.18 3.95
With measured AIl; 56 73 109 108 103 108 70
With incorrect EV 15 12 67 40 10 57 44
% correct EV 73.2 83.6 385 63.0 90.3 495 37.1

Table 3: Stars for which a conflict is present between the different evolutionary status that was given by the different
seismic methods. The first line show the total number of stars with conflict for each method. The percentage of conflict
stars compared to the total red giant Kepler legacy sample of robust evolution status is given on the second line. The
third line correspond to the number of conflict stars with measured and checked AIl;. The fourth line gives the number
of incorrect evolutionary status for the stars with checked AII;. The fifth line show the percentage of correct evolutionary

status for the stars with checked AII;.

two evolutionary status samples and found that the width
at half maximum of each sample correspond to 44.04 +
0.43K for RGB and 43.28 £+ 0.47K for RC. Because the po-
sition at the center of the peak of each sample is —79.46 +
0.43K for RGB and 82.31 4+ 0.47K for RC, the two evolu-
tionary status will overlap at less than two times the width
at half-maximum of their T;q¢ distribution. The overlap be-
tween the two samples, which will produce a misidentifica-
tion of the evolutionary status, will therefore correspond to
more than 5% of the total sample. Here, it corresponds to
5.6% of the stars in our sample. These cases will be dis-
cussed in Section 6.2.

6. Seismic and spectroscopic evolutionary status
comparison

In the APOKASC-3 sample, the seismic evolutionary sta-
tus is determined for 11371 stars (4755 identified as RC and
6616 identified as RGB or AGB) out of 15464 red giants,
while the spectroscopic evolutionary status was determined
for 15232 stars. Because the seismic and spectroscopic evo-
lutionary status are not obtained uniformly for the whole
sample, we will focus in this section on the 11297 stars for
which both seismic and spectroscopic classification give an
evolutionary status classification.

6.1. Agreement between seismic and spectroscopic
classification

In this sample, an agreement between the two evolutionary
status determination techniques was found for 10780 red gi-
ants (4530 RC and 6250 RGB or AGB stars), thus 94.80%
of the stars where both evolutionary status determination
techniques gave a result. This highlights the agreement be-
tween the different methods and the accurate calibration of
the spectroscopic evolutionary status determination tech-
nique as stated by Elsworth et al. (2019). On the contrary,
517 red giants have divergent evolutionary status results.
A discussion about these stars is present in Section (6.2).

The results, for the stars where the evolutionary states
agree, can be seen on Figure 4. The RC is well defined and
separated from the RGB and AGB stars. The secondary
clump appears also very clearly and no sample of stars
appears to deviate significantly from what is expected for
clump and RGB stars.
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Fig. 4: Stellar surface gravity as a function of the effective
temperature Teg for the stars showing agreement between
the spectroscopic and seismic evolutionary status classifi-
cation. The red stars represent the RC and the blue stars
represent the RGB or AGB stars for high-luminosity ob-
jects.

6.2. Stars with a divergent evolutionary status classification

Divergent evolutionary status between spectroscopic and
seismic techniques are present for 517 stars. 215 stars
are identified as RC by seismology and as RGB by spec-
troscopy. On the contrary, 302 stars are recognized as RGB
by seismology and as RC by spectroscopy. Their positions
in the HR diagram are shown on the top part of Figure 5.
These stars are concentrated near the RC because this is
the domain where the two populations overlap. The only
exceptions concern 4 stars for which the low spectroscopic
surface gravity (around 1) does not correspond to the
seismic ones which are way higher (between 2.39 and 2.5
for those red giants). These inconsistencies can explain the
misidentification of those stars as belonging to the RGB or
AGB by the spectroscopic classification. A more thorough
discussion on the discrepancies between spectroscopic and
seismic log(g) is present in Section 7.

To confirm the evolutionary status of each star with
conflict between the seismic and spectroscopic classifica-
tions, a specific check of the mixed modes was performed.
The evolutionary status was considered to be certain when
the measurement of AII; following the method of Mosser
et al. (2014) and Vrard et al. (2016) was possible. The
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Fig. 5: Stellar surface gravity as a function of the effective
temperature Tog for the stars with an agreement between
the spectroscopic and seismic evolutionary status classifica-
tion (in black). Top: The Salmon triangles show the stars
with divergent spectroscopic and seismic evolutionary sta-
tus. Center: The colored triangles represent the stars iden-
tified as RGB by seismology and RC by spectroscopy for
which the evolutionary status was confirmed as RGB (blue)
or RC (red). Bottom: Same as center but with the red tri-
angles corresponding to confirmed RC stars identified as
RC by seismology and RGB by spectroscopy.
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stars with Av > 10 pHz were also automatically identified
as RGB following the results of Stello et al. (2013) and
Mosser et al. (2014). The center and bottom part of Figure
5 show the precise results for the stars with confirmed
evolutionary status.

The stars identified as RC by seismology and RGB by
spectroscopy was confirmed to belong to the RC for 143
stars out of 215. None were identified as RGB stars. We can
see on the bottom part of Figure 5 that a significant part
of these stars correspond to secondary clump stars and the
high surface gravity RC stars previously identified. Because
of their high log(g) values, these stars have higher chances
to be classified as RGB by the spectroscopic classification
method. A further discussion about these stars is present
in Section 7.

The stars identified as RGB by seismology and RC by
spectroscopy were confirmed to belong to the RGB for 145
red giants and to the RC for 8 out of 302. The stars identi-
fied as true RGB correspond mostly to high-mass stars (83
stars out of 145 have a mass larger than 1.5Mg) that are
spectroscopically confused as RC because of their high Teg
and mass, putting them closer to secondary-clump in the
Teg-log(g) space. In this configuration, The [C/N] ratio
becomes insensitive to mass for higher mass stars (Roberts
et al. 2024), so this is not surprising. The stars identified as
true RC have, except for two of them, low values of AIly
and Av, meaning they are on their way towards the AGB
phase (Stello et al. 2013; Mosser et al. 2014). Their lower
seismic parameters certainly explain why several seismic
methods identified those stars as belonging to the RGB or
the AGB. However, because the AIl; of these stars is still
much higher than those of RGB at the same Av, they are
still in the helium core burning phase.

7. Evolutionary status of specific populations and
RC lower limit

Figure 1, 4 and the bottom part of 5 show several RC stars
with surface gravities much higher than expected for true
RC stars. We checked that the spectroscopic surface gravity
is consistent with the asteroseismic one. The seismic surface
gravity (g) was obtained through the scaling relation (e.g.
Kjeldsen & Bedding 1995):

< Vmax Teff
g = log

5772

3076 > +4.437. (5)

The spectroscopic and seismic comparison shows an
overall good agreement (top part of Figure 6). However,
it can be clearly seen that spectroscopic results gives
log(g) values up to 3.2, while asteroseismic results stop
just below 3. The discrepancies concern a few stars
for which their spectroscopic values were overestimated
compared to the seismic ones. This is in part due to an
incorrect spectroscopic evolutionary status, as can be
seen by the blue stars on the top part of Figure 6, which
in turn caused the wrong surface gravity correction to
be applied. The discrepancies between the two sets of
values is apparent in the bottom part of Figure 6 showing
a distinct RC edge at log(g) = 2.99 £ 0.01 for seismic
results, on the contrary to spectroscopic measurements.
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Fig.6: Top: Seismic surface gravity (g) for the stars identi-
fied by seismology as belonging to the RC (in red) as a func-
tion of the spectroscopic surface gravity. The blue points
correspond to the stars identified as RGB by spectroscopy
on the contrary to seismic results. Bottom: Seismic surface
gravity for the same sample of seismic RC stars, focused on
the bottom of the RC. The dashed lines correspond to the
maximum values for secondary clump YREC models, with
a core overshoot of 0.2 pressure scale height. Dark red, cyan,
dark green and salmon colors correspond, respectively, to
stellar models with masses of 3.0, 2.8, 2.6 and 2.4M.

This observed strong RC edge is consistent with pre-
vious models of secondary clump stars (Paxton et al.
2011; Tayar & Pinsonneault 2018) and can serve as an
observational constraint for future stellar evolution models.

In order to assess the possibilities to constrain mod-
els for such a clear limit of the secondary RC, we compare
those results with models that were computed with the Yale
Rotating Evolution Code (YREC, Pinsonneault et al. 1989;
van Saders & Pinsonneault 2012). The details of the models
are present in Section 2.2 of Tayar & Pinsonneault (2018).
Several evolutionary tracks were computed with 4 different
masses (2.4Mg), 2.6 Mg, 2.8 Mg, 3.0M) and 3 different val-
ues of core overshooting (overshoot parameters of 0.0, 0.1
and 0.2 pressure scale heights). Lower masses were not con-
sidered because of the difficulty of going beyond the Helium
flash. The log(g) RC higher limit for the different models
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Fig. 7: Seismic radius as a function of seismic mass for stars
identified as RC following Section 4. The maximum log(g)
values of the RC for the different YREC models are rep-
resented by the diamonds. The colors depict models with
different core overshooting values: no overshooting for dark
green, 0.1 pressure scale height for cyan and 0.2 pressure
scale height for dark blue. The minimum radius values for
the different MIST tracks are shown as black crosses.

with highest overshooting value is shown on the bottom
part of Figure 6 and their minimum RC radius for each
mass is depicted on Figure 7.

From those Figures, it is clear that models without
core overshooting or with low overshooting can not re-
produce the observed results on the helium core mass.
This conclusion was also reached previously to reproduce
AIl; values by models for RC stars (Bossini et al. 2015;
Constantino et al. 2015; Bossini et al. 2017). These
previous works, showed that high core overshoot was
necessary during the RC phase to match the observations.
Here, it is only the model with the most amount of core
overshooting until the beginning of the RC phase that
can reach the base of the secondary clump in terms
of log(g). Having such a hard limit for these RC stars
can therefore bring important constraints on stellar models.

Finally, we can see on Figure 7 the sharp limit of
the zero-age sequence of Helium burning stars (ZAHB) as
pointed out by Li et al. (2021) and Li et al. (2022). The
presence of this sharp feature is also a confirmation of the
robustness of the evolutionary status determination; the
few number of stars with lower radius values compared to
their masses is indeed consistent with previous results (Li
et al. 2022). To compare the position in radius of the ZAHB
to theoretical prediction, we used the MESA Isochrones and
Stellar Tracks (MIST: Dotter 2016; Choi et al. 2016) based
on the MESA models (Paxton et al. 2011, 2013, 2015, 2018).
We obtained tracks with masses between 0.8M¢ and 3Mg,
solar metallicity and no extinction. In the MIST models,
diffusive overshoot is included in their core and their en-
velope with an efficiency of foy core = 0.0160 and foy eny
= 0.0174 (Choi et al. 2016; Herwig 2000) The lower radius
value during the He-burning phase are represented by black
crosses in Figure 7 and reproduce well the global shape of
the ZAHB. This curve shape is due to several phenomenon,
the main one being that low-mass stars (M < 1.8Mg) start

11
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their Helium-burning phase with a degenerate core, there-
fore with the same He core mass (Girardi 1999; Montalbdn
et al. 2013). The star with lower masses will then produce
the same observed luminosity (Lagarde et al. 2016), there-
fore reach lower radius. For more massive stars, the He-
burning starts in a non-degenerate core leading to lower he-
lium core masses and radii (Girardi 1999; Montalbén et al.
2013), thus producing the observed curved shape. Although
the MIST tracks reproduce the global shape of the ZAHB,
they do not reproduce the shape in detail. This could be
because the full sample has a range of metallicities, and we
have shown only the solar metallicity results and one type
of overshooting. In order to test the influence on metallic-
ity on the ZAHB shape, we restricted the mass and radius
determination to stars with similar metallicities. It appears
that it does not have an effect on the lower limit of the
ZAHB. Therefore, only the difference in physical processes
in the models can explain the differences between the ob-
served ZAHB lower limit and the MIST models. We can also
see that the MIST tracks are in agreement with the YREC
models with no overshooting, which is surprising because
overshooting has been implemented in MIST tracks (Choi
et al. 2016; Tayar et al. 2022). However, several other pa-
rameters have an influence on the models parameters for
red giant stars, the main ones being the description of con-
vective processes at the convective boundaries, the rate of
specific nuclear reactions and mass loss at the tip of the
RGB (see, for a complete review, Girardi 2016). A global
comparison between theoretical models would be necessary
to fully understand which parameters affect the differences
between the models for massive stars, but is beyond the
scope of this paper. Nonetheless, this analysis between the-
oretical models and observations shows that these results
can be used to study the physics of RC models.

8. Asymptotic giant branch stars classification

The separation between RGB and AGB stars is difficult to
perform with spectroscopy or seismology because the stel-
lar properties of those red giants are very similar. However,
two seismic techniques has claimed to be able to disentan-
gle the two evolutionary status using the pressure mode
pattern of the star oscillation spectra. Each of them ex-
panded a technique that was tested and calibrated on the
separation of RGB and RC stars. Kallinger et al. (2012)
is based on the variation of the pressure mode frequencies
as a function of frequency due to discontinuities present
in the star’s envelope while Mosser et al. (2019) is based
on the amplitude of the envelope autocorrelation function
(EACF) used to measure the large separation Av. The use
of those two techniques simultaneously would therefore al-
low the separation between AGB and RGB stars with more
certainty. However, Dréau et al. (2021) observed that the
agreement between those two techniques is present at high
Av and v but lowers quickly when the star evolves along
the AGB or the upper part of the RGB. They found 35%
disagreement between the two techniques for stars with
Av < 1pHz. Because the beginning of the AGB phase
starts with a Av ~ 2.5uHz for a typical 1My star, this
discrepancy appears to rise rapidly. We, thus, need a new
method to confirm that we can seismically disentangle the
two evolutionary statuses.

With the current data set we possess, there are 76
stars identified as AGB by M6 for which an evolutionary
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status is also given by M2. Between those two techniques,
we only have a 48.7% agreement, which correspond to a
random distribution, therefore pointing toward a lack of
agreement between the two methods. However, most of the
stars for which the disagreement occurs have very low Av.
Although the stars with Av < 1pHz show a systematic
disagreement, the agreement fraction increases towards
larger Av, reaching 63.3% for stars with Av > 1.5pHz.
However, this number is less than two standard devi-
ations away from a random distribution for the star’s
identification. The small number of stars in that sample
can explain why we have a discrepancy with previous
results. It follows that, even if these results seems to be
in poor agreement with the previous work of Dréau et al.
(2021), we can not reach definitive conclusions about the
efficiency of the methods from them. These disagreements
confirms previous results that highlighted the need of an
independent determination of the evolutionary status for
high-luminosity giants, as stated in the previous paragraph.

By contrast, spectroscopy can be a useful discriminant
between AGB and RGB in some cases. In much the same
way as the stars on the RC are hotter than those on the
RGB, we expect stars on the AGB to be hotter than those
on the RGB at the same mass, metallicity, and surface grav-
ity. AGB stars should also only be present above the lumi-
nosity of the RC. In order to have an independent analy-
sis, we perform a spectroscopic determination of the evo-
lutionary status of low surface gravity (log(g) < 2.2) using
APOGEE data and evolutionary tracks. For each star in
the APOKASC-3 sample, an interpolation with the model
grid described by Tayar et al. (2017) is performed using
the seismic mass, metallicity, [M/H], alpha elements abun-
dance ([a/M]) and seismic log(g). The Tog that the inter-
polated model possess for each star, named afterwards Ty,
is then taken as a reference effective temperature. The mea-
sured offsets between the observed temperature Ty and the
model-predicted temperature T;,; were plotted as a func-
tion of metallicity, and similar to the results of Tayar et al.
(2017), a trend between the temperature offsets and the
stellar metallicity was detected. For this work, such a trend
is not of scientific interest and so we define a function to
remove this trend given the stellar metallicity, with the off-
set being 140K if [Fe/H] > 0.0 and 190[Fe/H] + 140K if
[Fe/H] < 0.0. We note that there have been suggestions
that the trend should also be a function of alpha abun-
dance (Salaris et al. 2018), mass (Joyce & Chaboyer 2018),
surface gravity (Bonaca et al. 2012) and so forth (see Joyce
& Tayar (2023) for a more complete discussion). However,
we do not explore such complexities here, opting instead for
a more simple fit to propose the technique, and expecting
later authors to improve upon our results.

ATt is thus obtained with the following relation:

ATet = Togt — Tine — 190[Fe/H] — 140, (6)
for stars with [Fe/H] < 0.0, and

Azjref = Teﬁ - 71int - 140a (7)

for stars with [Fe/H] > 0.0. AT,¢¢ should therefore corre-
spond to how much the effective temperature of the star
diverges from model predictions, corrected for a metallicity
dependent T,g offset in the models. The stars that show
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Fig. 8: Distribution of stars identified as RGB or AGB, with
log(g) < 2.2 (stars above the main RC population in a Kiel
diagram), as a function of ATyt (in blue). The dot-dashed
red line shows a Gaussian fit of width 44.04K centered on
—26.40 following the a-rich stars distribution. The orange
dashed line indicate the two-o limit of the measured RGB
sample distribution following Section 5.

a deviation towards high effective temperature, account-
ing for the uncertainties on Tog, should correspond to the
AGB candidates. The AT, distribution can be seen on
Figure 8 where a clear asymmetry is present towards hot-
ter stars. This feature in the distribution is a signature of
the presence of AGB targets. We decided to take the sep-
aration between RGB stars and AGB candidates at 2-o
from the original RGB stars distribution as described in
Section 5. We also note that the T}¢ distribution is not ex-
actly centered on 0. In order to take this bias into account
we selected a-rich stars in our sample of low log(g) tar-
gets. For these stars, there is a well-defined median mass
at a given metallicity, which allows us to better separate
the AGB and RGB stars in the HR diagram (Pinsonneault
et al. 2024). We fitted the a-rich RGB targets Tyer distri-
bution with a Gaussian and found a zero reference point of
—26.40 £+ 1.25K. We then used this value as the mean of
the original RGB gaussian distribution and select the AGB
candidates at 2-0 from the original RGB distribution. The
separation between RGB and AGB candidates is shown by
the orange dashed line on Figure 8 at Ty = 61.68K. 398
stars are identified as likely belonging to the AGB following
this criterion. We would expect 96 of them to be RGB stars
scattered into the AGB domain by observational errors.

We note that, for the spectroscopic AGB candidates, the
offset from the RGB locus tends to be slightly clearer be-
fore the metallicity-dependent offset is removed, suggesting
that these stars might have metallicity-dependent model
offsets that are different from the RGB stars. We also note
that there are no obvious chemical differences between our
spectroscopic AGB candidates and the RGB stars nearby
(e.g. in carbon or oxygen), although we do not necessarily
expect any such trends below the AGB bump (Stancliffe
et al. 2005; Cinquegrana et al. 2022), and we have not done
an exhaustive search for more subtle signals. Some of these
stars have low mass, which could indicate mass loss in pre-
vious phases of evolution.
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Fig. 9: log(g) as a function of AT,s for the stars above the
main RC population. The blue points correspond to the
stars identified as RGB targets, the orange points represent
stars where the evolutionary status is uncertain and the red
points are AGB candidates. Top: full APOKASC-3 sample.
The overplotted solid red line shows AGB-RGB T,g offset
for the 1.7Mg MIST evolutionary track. Middle: a-poor
targets. The overplotted solid red line shows AGB-RGB
Tes offset for the 1.0M; MIST evolutionary track. Bottom:
a-rich targets. The overplotted solid red line shows AGB-
RGB T.g offset for the 1.0Mg MIST evolutionary track.
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Fig. 10: log(g) as a function of Tug for the stars above the
main RC population. The blue points correspond to the
stars identified as RGB targets, the orange points represent
stars where the evolutionary status is uncertain and the red
points are AGB candidates. Top: full APOKASC-3 sample.
Middle: a-poor targets. Bottom: a-rich targets.

In this work, we also wanted to select stars for which the
RGB evolutionary status was certain. In order to achieve
that, we used the MIST models previously mentioned in
Section 7 and computed the Tog difference between the
AGB and RGB tracks at the same log(g). This Teg off-
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set from RGB models rapidly decreases when we reach low
log(g) as can be seen in the top panel of Figure 9 for the
1.0Mg MIST evolutionary track and in the other panels
of that Figure for the 1.7M; MIST evolutionary track.
The rapidity of the decrease highly depends on the model’s
mass, being stronger for higher mass stars. In order to be
sure to select practically exclusively RGB stars, we took as
a reference the 1.7 MIST evolutionary track because its Teg
offset value is lower than for lower-mass evolutionary tracks
and only few targets have a higher mass in this part of the
HR diagram for our stellar sample. We selected stars more
than 2-0 away from that track following the original clump
star distribution we measured in Section 5. The stars not
selected as AGB candidates or RGB are considered as hav-
ing an undetermined status: RGB/AGB. The classification
of the stars (RGB, candidate AGB and AGB/RGB) can
be retrieved in Pinsonneault et al. (2024). It is also present
in an adjoining file for which the first lines can be seen in
Table 4.

In Figure 9 we show the ATy distribution for a-poor
(middle panel) and a-rich stars (bottom panel) exclusively.
The a-rich stars regrouping targets with similar ages and
metallicity, we then expect them to show a clear difference
of AT}t between the AGB and RGB targets. In the bottom
part of Figure 9 we can indeed see a separation between
a group of stars near AT, = 0, corresponding to RGB
targets, and a hotter group of stars. This separation is
mainly visible for stars with log(g) > 2.0. The hotter group
of stars corresponds to the MIST 1.0Ms AGB evolutionary
track and can therefore easily be identified with AGB
targets. We can also point out that the AGB selection we
performed corresponds to the observed separation between
the two groups of stars, therefore confirming that our
spectroscopic AGB determination is consistent. In the
middle panel of Figure 9 (a-poor stars) we can also note
the absence of the hottest stars present in the other panels.
They correspond to old low-mass «-rich targets and have
likely suffered heavy mass loss during the RGB phase.
We also plotted the identified AGB and RGB targets in
the HR diagram (Figure 10). In this configuration, the
separation between AGB and RGB targets is less clear.
However we can see that the colder the star, the more
likely it is identified as belonging to the RGB, and the
hotter the star, the most likely it is identified as belonging
to the AGB. It shows also that the hottest stars correspond
to the a-rich targets and are all identified as belonging to
the AGB.

Within this spectroscopic AGB candidate star sample,
we identified 104 stars for which an evolutionary status
is determined with the seismic method of Kallinger et al.
(2012). Among those, 52.0% are in agreement with the
spectroscopic identification of AGB targets. Concerning
the method of Mosser et al. (2019), 266 stars correspond
to the AGB candidate spectroscopic sample. 37.2% are
in agreement with the AGB candidates identified by our
spectroscopic determination. The agreement between the
spectroscopic and seismic results are particularly low and
can correspond to a random identification, even if we
consider that the number of false positive determination
of AGB targets is non-negligible and that the number of
AGB is expected to be significantly lower compared to
RGB targets (Karakas et al. 2022). In order to investigate
this behavior, we plot in Figure 11 the agreement between
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KIC number  Teg (K)  orn, (K) log(g) 0, Trer (K) AGB/RGB evolutionary status
10001167 4558 84 2.18 0.07 —4.25 1
10004975 4099 69 1.35 0.05 101.12 2
10023978 4230 74 1.60 0.06 61.53 0
10025788 3853 65 0.88 0.05 —6.66 0

Table 4: First lines of a joined file summarizing the AGB or RGB evolutionary status determination. The different

columns correspond respectively to the KIC number, Teg, o1, log(g), o

Tret and the AGB/RGB classification (0

log(g)’

for AGB/RGB, 1 for certain RGB and 2 for candidate AGB).

I T T S YTV T AT S T[T T S T T S
T T T T T T
100 - *
@80* -
2]
@
% &al _
D
0
£
=]
=z
AT S S T T A S A A B
T T T T T T
30— -
Pl -
@
b
2 s =
o
o
el
€ 2af .
=
10~ -
Ol p—
-0.8 0.0 0.5 1.0 1.5 2.0 2.8
Av (uHz)

Fig. 11: Distribution of stars spectroscopically identified as
belonging to the AGB and for which an AGB evolutionary
status is given by M2 (top) and by M6 (bottom) as a func-
tion of Av. The dark blue histogram represent the star for
which the classification agrees with the seismic technique
while the whole sample is shown in cyan.

the spectroscopic and the seismic methods as a function
of Av. We can see that the consensus between the two
types of techniques is rapidly degrading at low Awv, below
70% for stars with Av < 2uHz. Therefore, we can not
assess that one or the other seismic or spectroscopic
method is performing better for the evolutionary status
determination at the exception of the vicinity of the RC
where the three methods gives similar results. With these
results, we can say that disentangling AGB and RGB
with asteroseismology is limited to the stars close to the

RC characteristics (with Av ~ 2uHz). Again, the small
sample of targets doesn’t allow us to reach firm conclusions
and can explain why our results differ from previous
ones. Nonetheless, we would advise to be cautious when
extrapolating the efficiency of one of those technique for
stars with a large separation below 2uHz.

9. Conclusion

The determination of red giant evolutionary status is of
primary importance for stellar population, stellar interiors
and galactic archaeology studies. In this paper, we created
the most precise and up-to-date red giant evolutionary sta-
tus catalog for Kepler asteroseismic targets to be used in
the future on stellar evolution works and stellar popula-
tion analysis. This catalog was obtained with asteroseismic
and spectroscopic data. Several automated asteroseismic
evolutionary status determination methods were combined
to obtain the final sample separating RC and RGB stars.
The different techniques were found in very good agreement
with each other, with the ones using the mixed-mode pat-
tern the most accurate but delivering fewer results in gen-
eral. This determination was compared to the evolutionary
status estimation given by spectroscopic results from the
APOKASC-3 Kepler sample, which correspond to a sub-
sample of the red giant Kepler legacy sample. We, then,
focus on this subsample for a more detailed analysis. The
spectroscopic determination was shown to be in very good
agreement with the asteroseismic results, therefore proving
the robustness of the calibrated spectroscopic evolutionary
status determination. The stars for which a disagreement
arises between the spectroscopic and asteroseismic classi-
fication appeared to have peculiar characteristics for their
evolutionary status (high-mass on the RGB, high log(g) for
clump targets or stars at the beginning of the AGB branch),
therefore explaining why a confusion can arise between the
two evolutionary status. This new catalog is in agreement
with previous work and can be used to further test stellar
models, including the necessary assumptions on the over-
shoot amount. We demonstrated that the RC has a clear
observable edge situated at 2.99 £ 0.01 in log(g). In agree-
ment with previous results, we identified and confirmed the
minimum radius of the zero-age sequence of Helium burning
stars (ZAHB), leaving only a few stars with a radius lower
than this observed limit. Those stars, as pointed out by Li
et al. (2022), likely correspond to peculiar red giants who
experienced mass loss during their evolution. Finally, we
tested the possibility to disentangle RGB from AGB stars
on the upper part of the giant branch with asteroseismol-
ogy and spectroscopy. We found that the seismic methods
are in agreement with the spectroscopic data on the identi-
fication of AGB targets but only in the vicinity of the RC,

15



M. Vrard et al.: Red giants evolutionary status determination

for stars with Av ~ 2pHz. The results between the differ-
ent techniques diverge rapidly when the star evolves along
the AGB showing that identifying these stars remains dif-
ficult. It shows that the seismically identified AGB targets
needs to be used with caution regarding the certainty of
their evolutionary status for future works.
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