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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 dis-
tinguishing RGB and AGB has been difficult seismically and spectroscopically. The precise boundaries of different status in the
Hertzprung–Russel (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. To prepare this catalog we carefully examined boundary cases to define the lower edge of the RC phase in radius
and surface gravity. We also tested 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 distin-
guishing between AGB and RGB stars. These status were compared with those inferred from spectroscopy.
Results. We present consensus evolutionary status for 18 784 stars out of the 30 337 red giants present in the Kepler data, including
11 516 stars with APOGEE spectra available. The agreement between seismic and spectroscopic classification is excellent for distin-
guishing 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 between AGB and RGB stars are consistent
with the spectroscopic evolutionary status at near the RC (with the asteroseismic large separation ∆ν ≤ 2 µHz), but that the agreement
between the different methods decreases rapidly as the star evolves during the AGB phase.
Conclusions. This work presents 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 of field stars. However, we also put forward the importance of using several techniques to assess the evolutionary
status determination for luminous red giants.

Key words. stars: evolution – stars: interiors – stars: low-mass – stars: oscillations – stars: solar-type

1. Introduction

Luminous red giants are prime targets for modern surveys of
Galactic populations and their implications for galaxy formation
? Corresponding author: mathieu.vrard@oca.eu

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
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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 this
problem came with the emergence of large-scale asteroseismol-
ogy. With the launch of the space missions CoRoT (Convec-
tion, 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
of many oscillation frequencies. Turbulence in the outer layers
of giants, which excites waves, is a natural physical explana-
tion. Red giant stars are solar-like oscillators that present mostly
pressure modes in their spectra. They are the signature of acous-
tic waves stochastically excited by turbulent convection in the
outer layers of the star. In combination with effective temper-
atures, 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 evo-
lutionary states. 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 (RC)
stars, with core He burning and shell-hydrogen burning. Once
RC stars exhaust core helium, they become double-shell burning
stars (hydrogen and helium), and they asymptotically approach
the RGB; we refer to these as asymptotic red giant (AGB) stars.
The RC is prominent in field stellar populations, and it is a potent
diagnostic of stellar populations and stellar physics. As an exam-
ple, RC stars are commonly used as distance and extinction indi-
cators (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 con-
fusion 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 color–magnitude dia-
gram, 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 fre-
quency patterns (Dupret et al. 2009; Mosser et al. 2012b), tied to
differences in their internal structure. These pattern differences,
as discussed below, can be used to infer asteroseismic evolution-
ary 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 nonradial 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 differ-
ences 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 evi-
dence 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 with-
out 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 clus-
ters 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 dia-
gram 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 exam-
ple is core overshooting (Tayar & Pinsonneault 2018). There-
fore, measuring the evolutionary status of a larger 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 dis-
tinctively separated, with the RC being systematically hotter
(Brogaard et al. 2012; Handberg et al. 2017). Core He-burning
stars with a wide range of masses and metallicities are found
in the RC (Vrard et al. 2016). The temperature offset is a weak
function of mass and metallicity (Pinsonneault et al. 2025). At
sufficiently low mass or metallicity a blue horizontal branch
emerges, and the temperature offset becomes a strong function
of mass; however, such stars are typically too hot to show solar-
like oscillations. The AGB is more sparsely populated, but is
also hotter, and clearly distinct from the RGB in populous glob-
ular clusters. Clear examples of this separation can be seen in
Figure 3 of the Gaia DR2 release paper (Babusiaux 2018). For
those stars it is therefore possible to clearly separate RGB from
RC and AGB stars by defining a temperature difference between
these populations with composition, mass, and age information.
These differences are blurred in field populations, where the
RGB 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 fundamental cal-
ibrator. However, it quickly became apparent that there was an
offset between asteroseismic and spectroscopic surface gravi-
ties that depends on evolutionary status. This finding implied
that it was necessary to infer a spectroscopic evolutionary sta-
tus for the vast majority of APOGEE targets without astero-
seismology 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
Teff as a function of log(g) for the RGB in the HR diagram
that can be empirically measured. The APOGEE survey pro-
vides precise and accurate abundances (Jönsson et al. 2020). For
the overlap sample between APOGEE and Kepler, the mass,
metallicity, 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 distribution
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 diagnostic of evo-
lutionary status (Jönsson et al. 2020). This approach was used in
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APOGEE DR16 (Jönsson 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 and most important 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 distin-
guish 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 automated
techniques, both asteroseismic and spectroscopic, able to evalu-
ate the evolutionary status of a large number of red giant stars.
Good agreement was found between the methods. We believe
that it is appropriate to re-address this question for several rea-
sons. 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 sam-
ple, 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 6661
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,
our aim is to compare and assess the reliability of seismic meth-
ods to obtain the evolutionary status of red giants (RC or RGB).
We then evaluate the agreement with the spectroscopic evolu-
tionary status determination, thereby improving its calibration.
Additionally, we analyze 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 focused on a subsample of stars that have APOGEE data:
APOKASC-3 (Pinsonneault et al. 2025). With our large sample,
we were also able to perform a search of stars below the tra-
ditional location of the RC, to precisely measure the minimum
surface gravity for the population. Finally, we discuss the possi-
bility of separating, seismically and spectroscopically, the AGB
from the RGB stars beyond the RC.

The layout of the paper is as follows. Section 2 describes the
seismic and spectroscopic data and the extraction of the main
seismic and spectroscopic stellar parameters. Section 3 intro-
duces the characteristics of the different 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 sta-
tus and evaluate the agreement between the different methods.
Section 5 details how the spectroscopic classification was per-
formed. Section 6 is devoted to the comparison between the
results of spectroscopic and seismic classification. Section 7
approaches how the development of such a large sample of stars
with identified evolutionary status can be used as observational
constraints for models. Section 8 addresses the determination of
the evolutionary status beyond the RC phase. Finally, Section 9
is devoted to our conclusions.

2. Selection and description of seismic data

2.1. Kepler observations and data selection

We used the KEPSEISMIC11 long cadence Kepler light curves
with a 20-day high-pass filter. Light curves corresponding to
1 https://archive.stsci.edu/prepds/kepseismic/

stars with a median νmax or with an APOGEE predicted spec-
troscopic νmax below 15 µHz were recomputed and analyzed
using an 80-day high-pass filter. The data were corrected fol-
lowing the methods explained in García et al. (2011) with gaps
filled using a multiscale discrete cosine transform (García et al.
2014). The initial seismic sample of stars was obtained from the
preparatory work done for the red giant Kepler legacy catalog
(García et al., in prep.) containing 30 337 candidate stars. We
use the ∆ν and νmax determined in García et al. (in prep.) using
the same techniques described in Pinsonneault et al. (2025) as
our preliminary asteroseismic values. They were determined for
25 393 stars (García et al., in prep., see also Table 2 of this arti-
cle). Although we use the ensemble of these stars for the evolu-
tionary status analysis, we later focus on a subsample of 15 464
stars with APOGEE values from Pinsonneault et al. (2025). 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. (2025) inferred the global asteroseismic
properties ∆ν and νmax for all targets. They used a total of 10
distinct techniques for νmax and 7 for ∆ν and performed a rejec-
tion of outliers and background sources, corresponding here to
background stars that are not red giants. Where possible, back-
ground sources were identified with the use of the spectroscopic
APOGEE data: an estimation of νmax is deduced from spec-
troscopy, with surface gravities and effective temperatures, and
compared to the measured νmax (Pinsonneault et al. 2025). 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 measurements discrepant from the median at more than
5σ. Details of the process are described in Pinsonneault et al.
(2025) and Garcia et al (in preparation). For stars without
APOGEE spectra we required detections in both ∆ν and νmax
from 3 different methods. We then used the median values as
an estimation of ∆ν and νmax, as described in Section 2.1. These
estimations were used in the remainder of the article, particu-
larly as an aid by the different evolutionary status determination
methods. We note that the global seismic parameters for the stars
without 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 (García Pérez et al. 2016),
applying the linelists (Shetrone et al. 2015; Smith et al. 2021)
and the calibration procedure described in Jönsson 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 distinguish spectroscopic evolutionary
status was adopted, then the asteroseismic status was applied as a
calibration sample (see Section 5 below). This was replaced with
a neural net classification in DR17, which is less useful for our
purposes, because we need to extend the APOGEE calibration to
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AGB stars. Our approach uses the published APOGEE parame-
ters, and we do not have access to the neural net used to train
the DR17 data. As a consequence, we adopted the Warfield et al.
(2024) methodology. 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. (2025) for a more detailed
comparison.

Our Kepler field data were selected to prioritize targets with
time domain data. See Pinsonneault et al. (2014) for a discus-
sion 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. Description of seismic methods

In this section, we briefly describe the different methods 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, including massive stars usually called sec-
ondary 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
∆ν and νmax and similar gravity-mode period spacings (∆Π1)
(Stello et al. 2013, their Figure 4b). Moreover, the increasing
lifetime of the mixed modes when the star evolves on the RGB or
AGB branch render the detection of those modes particularly dif-
ficult 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 (Str): Vrard et al. (2016)

This first method is based on the measurement of the asymp-
totic gravity-mode period spacing (∆Π1), as given by Vrard et al.
(2016). The technique is based on the stretching of the frequen-
cies in the oscillation spectrum (Mosser et al. 2015) in order to
obtain a mixed-mode pattern spaced regularly in period, corre-
sponding to ∆Π1.

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 Trans-
form. This allows the measurement of the ∆Π1 parameter and,
therefore, permit the determination of the stellar evolutionary
status.

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

This second method is based on the measurement of the ∆ν sig-
nal present on the autocorrelation of the star’s time-series. The
signature of the pressure mode pattern can be retrieved by per-
forming a Fourier Transform of the filtered Fourier spectrum
(EACF) around the observed oscillations. 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 ∆ν values. This dif-
ference 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 pattern 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 (NeuralNet): Hon et al. (2017, 2018)

Method 3 is a machine learning technique based on 1D convolu-
tional neural networks. For each spectrum, the frequency range
where the oscillations are present is folded around 3 ∆ν ± νmax.
The program is then trained on labelled data in order to allow
it to recognize the features corresponding to RGB or RC power
spectra. The clear difference in the mixed mode pattern between
RC and RGB stars is likely the main feature that allows that
determination (Hon et al. 2017). Finally, the program is used on
non-classified red giants. The success rate of the classification
was found to be very high, even for stars with low signal-to-
noise spectra (Hon et al. 2018).

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

This method is based on the measurement of the mixed mode
period spacing (∆P) in the region of the acoustic spectrum where
the oscillations are visible. The location of the ` = 1 mixed
modes in the acoustic spectrum is determined using the Uni-
versal Pattern (Mosser et al. 2011b). This information is used to
exclude the even ` modes from 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 work-
ing in the period domain, a histogram is formed from the dif-
ference in period, between each feature and all the other fea-
tures within about 0.3∆ν. Because the ∆Π1 parameter (and hence
∆P) 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 evolutionary status. The evolutionary status is therefore
determined following the ∆P and νmax values. More informa-
tion on the precise definitions of ∆P and νmax 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 (Clumpiness): Kuszlewicz et al. (2020)

This method uses a machine learning technique and is based on
the light-curve characteristics, in contrast to the previous ones
which use the power spectrum. The algorithm corresponds to a
supervised classification algorithm and is based on the principle
that several light-curve characteristics (variance, magnitude, sig-
nal coherency, normalized number of zero crossing, median of
time-series first differences) are slightly different as a function of
the stellar evolutionary status. For each star, these characteristics
are measured. The program is, then, trained to classified RGB
and RC stars based on already classified data. After that, the pro-
gram is applied on unclassified red giants. If there is less than a
33% chance that a star is RC (respectively, RGB) it will be clas-
sified as RGB (respectively RC). According to Kuszlewicz et al.
(2020), the false positive rate for this technique is lower than
8%.
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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. 2025) stars.

Seismic evolutionary status Str1 Str2 COR NeuralNet ELS Clumpiness ABBA

Red giant Kepler legacy sample 7756 8102 24 404 24 716 16 580 21 941 6179
-RC 4603 4929 10 218 8405 6726 8590 2569
-RGB/AGB 3153 3173 14 186 16 311 9854 13 351 3610
APOKASC-3 sample 4801 5017 14 237 14 302 10 116 14 138 6151
-RC 3233 3409 5753 5207 4402 6088 2561
-RGB/AGB 1568 1608 8484 9095 5711 8050 3590

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

This last method is based on the precise pressure mode pattern.
This technique locates the radial (` = 0) modes in each spec-
trum and deduces from those frequencies the value of the phase
shift ε of the central radial mode, ε corresponding to the offset
in the linear asymptotic fit to the acoustic modes. At given ∆ν,
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 internal 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). How-
ever, there is some overlapping between ε values at the same ∆ν
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 pattern it
can be extended to the distinction between AGB and RGB stars.
Here, as for COR, the stars labeled as AGB by this method were
included in the RGB sample as a first approximation for the con-
struction of the determined evolutionary status sample.

4. Forging a seismic evolutionary status consensus
sample

In this section, we describe the different results that were
obtained for each of the previously described methods and
explain how we selected the final sample containing consen-
sus values on the star’s evolutionary stages. Each method was
applied independently to the asteroseismic data of the stars
and without prior knowledge of the extracted spectroscopic
parameters.

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 differ-
ent techniques will be referred as the results from Method Str1
and Str2.

We can see that the machine-learning techniques (NeuralNet,
Clumpiness) and the method COR provide the highest number
of results. This is understandable, because these automated tech-
niques 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 eas-
ier way than mixed-modes, therefore allowing a determination
of the evolutionary status for a larger number of stars. On the
contrary, method Str and ELS give a lower number of results,
mainly for RC and RGB stars with νmax > 20 µHz 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 con-
cerns method ABBA, 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 identification 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 (COR,
NeuralNet and Clumpiness) also have a few stars they identi-
fied as RC in their sample and that possess spectroscopic char-
acteristics (Teff and log(g)) that correspond to the lower part of
the RGB. These probable misidentifications are all located 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 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 evolution-
ary 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 classification and no
technique disagrees. In this scenario, some methods may not
provide any results, therefore considering the star’s evolutionary
status as unclassified. This is not considered as a disagreement
between the methods. In that situation, the consensus on the clas-
sification is clear and the star can be considered as a RGB or RC
star following 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 consen-
sus because some methods are probably less reliable than oth-
ers. For that work, we considered the methods that based their
classification on the mixed modes analysis as the most reliable
because it is principally this feature present in the oscillation
spectra that allows a distinction between RC and RGB stars.
The other methods like the ones presented in Kallinger et al.
(2012) (ABBA) and Mosser et al. (2019) (COR) present an over-
lap between the two populations for the classification criterion
they considered. Clumpiness (Kuszlewicz et al. 2020) has also a
lower success rate, around 92%, than the methods that use mixed
modes. Therefore, when the only disagreement comes from the
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Table 2. First lines of a joined file summarizing the evolutionary status determination.

KIC number νmax (µHz) ∆ν (µHz) 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

Notes. The different columns correspond respectively to the KIC number, preliminary νmax, preliminary ∆ν, the classification result (0 for unde-
termined, 1 for robust) and the evolutionary status (1 for RGB/AGB, 2 for RC, −1 for no classifications). The full table is available at the CDS.

methods COR, Clumpiness or ABBA, we follow the classifica-
tion from the other methods. However, when the disagreement
comes from methods Str1, Str2, NeuralNet or ELS, we classify
the star as having an uncertain evolutionary status.

A fourth scenario occurs when two methods or more are
giving an evolutionary status determination that contradicts two
other methods or more. In that situation, the star is classified as
having a conflict in the evolutionary status classification. We dis-
cuss these stars in more detail in part Section 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. There-
fore, the star is classified as having an undetermined evolution-
ary status.

Below is a summary of the classification process for the evo-
lutionary status (here noted EV) as a function of the number
of agreements (A) and disagreements (D) between the different
methods.

≥ 3A, 0D

≥ 3A, 1D (COR, Clumpiness, ABBA) robustEV

≥ 3A, 1D (Str1, Str2, NeuralNet, ELS) uncertainEV

≥ 2A, ≥ 2D conflict

≤ 2A, ≤ 1D undeterminedEV

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 com-
plete 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 partic-
ularly high and low surface gravity values. We discuss these 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 detec-
tion of seismic oscillations below the Nyquist frequency (corre-
sponding to approximately 283.0 µHz for Kepler long-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 observation does not

Fig. 1. Stellar surface gravity as a function of the effective temperature
Teff 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.

ensure a high enough spectral resolution to obtain an estimation
of the seismic parameters, therefore hampering a possible con-
sensus on the evolutionary status for those stars. We note that,
above the RC, fewer RGB or AGB stars have an identified evo-
lutionary status. The cause of this comes from the lower num-
ber of methods retrieving an answer for these red giants because
most of the techniques are using the fine structure of the oscil-
lation spectrum to reach a conclusion on the evolutionary status.
Because the characterization of the fine structure of the star’s
spectrum is more difficult to perform at lower νmax, it results that
the number of stars with confirmed evolutionary states will be
lower.

We also note that a few stars appears to possess values of
Teff and log(g) far away from what we expect for red giants. We
have a few hundred with Teff and log(g) 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 Teff and log(g) val-
ues (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 spectro-
scopic 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 σ from the seismic ones.

The stars with undetermined evolutionary status due to too
few results from the different methods are shown in a Kiel
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Fig. 2. Spectroscopic stellar surface gravity as a function of the effec-
tive temperature Teff for the stars having an undetermined evolutionary
status (5276 APOKASC-3 targets) and a duration of observation higher
than 4 months (3670 APOKASC-3 targets, in black). The green dots
correspond to the stars that have a length of observation equal to or
lower than 3 months.

diagram in Figure 2. There are 5276 such APOKASC-3 stars
(9211 for the full red giant legacy sample). Most of those corre-
spond to stars with very low or very high surface gravity, partic-
ularly stars with a νmax value near the Nyquist frequency. This
is consistent with the difficulty to obtain a reliable seismic mea-
surement for these stars. We note particularly that many of these
stars have Teff and log(g) corresponding to main-sequence or
subgiants rather than giants. Those characteristics correspond
certainly to blended sources in the Kepler pixels: stars with dif-
ferent Teff and log(g) blended in the same KIC number. The seis-
mic 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 evolu-
tionary status will not be determined by the different automated
techniques, consistent with the results we obtained. In Figure 2,
we can see that most of the targets with main-sequence or sub-
giant spectroscopic characteristics 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 ∆Π1 towards the RGB values. A few stars with Teff and log(g)
consistent with RC are also present in Figure 2. Those red giants
are mostly plotted in green, therefore showing they correspond to
stars with short light-curves. These targets have thus low signal-
to-noise spectra with additionally a lower spectral resolution,
which explain why the determination of their evolutionary sta-
tus is difficult and no consensus was reached from the different
methods.

Among the difficulties to measure an evolutionary status, it is
well-known that the classification of massive stars is more com-
plicated because of their similarities in their ∆Π1 values between
the RGB and RC phases (Stello et al. 2013; Crawford et al.
2024). In our final APOKASC-3 sample, we have 293 stars with
M > 2.4 M�, only 67 of them have a mass> 3.0 M�. The meth-
ods that delivered the most results for M > 2.4 M� targets are
COR (for 288 stars), NeuralNet (for 290 stars) and Clumpiness
(for 286 stars). Among those methods, only NeuralNet is based
in part on the mixed-mode pattern to classify the stellar evolu-
tionary status, however this classification method was shown to
be effective even for massive RC targets (Hon et al. 2018). The

methods based on the mixed-mode pattern, Str and ELS, deliv-
ered fewer results (61 and 124, respectively, for the two Str codes
and 186 for ELS). The evolutionary state determination for mas-
sive stars is thus driven by methods that are not based on the
mixed-mode analysis. Therefore, if the ∆Π1 values are similar
for the two evolutionary status concerning massive stars, it has
little influence on the final determination. We also note that, for
M > 2.4 M� stars with a large frequency separation coherent
with a secondary RC star (typically 4 µHz < ∆ν < 9 µHz),
we have 166 classified as RC, while only 6 as RGB. This is
coherent with previous results showing that most massive stars
around those ∆ν values are RC (Crawford et al. 2024). Lastly,
we point out that the sample of RGB massive stars corresponds
mostly to very low ∆ν targets. Out of those RGB, we have 90
stars with ∆ν < 3 µHz among the 118 with M > 2.4 M�. The
higher number of massive RGB/AGB stars at that stage is prob-
ably due to the increasing difficulty of measuring global astero-
seismic parameters with decreasing ∆ν as well as the presence
of more massive AGB stars.

Another difficulty can arise with the presence of stars with
depressed ` = 1 modes (Mosser et al. 2012a). In order to inves-
tigate how our evolutionary status determination perform with
those targets, we first selected the star sample of Stello et al.
(2016). We applied their cut in ` = 1 mode visibilities in order
to select the stars with depressed ` = 1 modes, resulting in 566
stars. Out of those, an evolutionary status was determined for
509 stars. The methods that gave the most results are COR (for
508 stars), NeuralNet (for 503 stars) and Clumpiness (for 501
stars). Here also, only NeuralNet is based in part on the mixed-
mode pattern in order to give a classification, showing that it is
not the mixed modes that drives the evolutionary status deter-
mination for those stars. The two codes we used for Str gave
only a classification for few stars: 62 and 8, respectively. How-
ever, the ELS method was showing a classification for 448 stars.
Nonetheless, even with those results, most evolutionary status
determinations are confirmed by the other methods.

In order to evaluate the validity of the evolutionary sta-
tus classification, we used the sample of stars with depressed
` = 1 modes and confirmed evolutionary status analyzed by
Mosser et al. (2017). Out of the initial sample of 71 stars, 65
of them have a confirmed evolutionary status in our work. Here
also, the methods that participated the most to the determi-
nation of the evolutionary status were COR, NeuralNet and
Clumpiness, furnishing an answer for the whole 65 targets. How-
ever, the other methods reached also a conclusion on the evolu-
tionary status for the majority of the sample: 63 for ELS, 40
and 34 respectively for the two codes that were used for Str.
This can be explained by the fact the selected sample possess
a mixed-mode pattern in their oscillation spectra clear enough
to measure a ∆Π1, therefore allowing the methods based on
the mixed-mode analysis to reach a conclusion even if with
depressed ` = 1 modes. It is important to note that all evolu-
tionary statuses that we determined with our work are consistent
with the ones present in Mosser et al. (2017). With these results,
we can say that the evolutionary status determination we per-
formed is reliable for stars with depressed ` = 1 mixed modes,
mainly because it is driven, in those cases, by methods that are
not based on the mixed-mode pattern analysis.

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
corresponds to the fourth scenario when a clear conflict arises
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Table 3. Stars for which a conflict is present between the different evolutionary status that was given by the different seismic methods.

Conflict stars Str1 Str2 COR NeuralNet ELS Clumpiness ABBA

Total 118 212 451 451 420 449 243
% of robust EV 2.45 4.23 3.17 3.15 4.15 3.18 3.95
With measured ∆Π1 56 73 109 108 103 108 70
With incorrect EV 15 12 67 40 10 57 44
% correct EV 73.2 83.6 38.5 63.0 90.3 49.5 37.1

Notes. The first line shows 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 in the second line. The third line corresponds to the number of conflict stars with
measured and checked ∆Π1. The fourth line gives the number of incorrect evolutionary status for the stars with checked ∆Π1. The fifth line shows
the percentage of correct evolutionary status for the stars with checked ∆Π1.

between the different methods (650 in the total 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 individually the ∆Π1 values of those stars
following the method of Mosser et al. (2014) and Vrard et al.
(2016). We confirmed an unambiguous measurement for 109
stars in this sample. The results are displayed in Table 3. The
fraction of stars with disagreements between methods on the
evolutionary status is 2.5−4.2%, thus showing high level of
agreement between the methods. It is important 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.

We can see in Table 3 that the correct evolutionary status
for conflict stars, following the checked ∆Π1 measurement, is
deduced correctly for more than 70 % of red giants for Str1,
Str2 and ELS. This is consistent with the fact that those tech-
niques based on the mixed modes are more reliable and we con-
firm our selection of those techniques as more reliable when
a conflict is arising. We can note also the good reliability of
NeuralNet, which tends to agree with the verified ∆Π1 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. COR, Clumpiness and
ABBA show less reliability. Because those techniques are based
on secondary indicators or parameters (pressure-mode pattern,
light-curve analysis, amplitude of the oscillation envelope) for
which the two evolutionary status overlap, this behavior is not
surprising. These results highlights the reliability of the mixed-
mode based methods when a conflict arises. These results con-
firm our overall classification approach (Section 4.2), where we
adopted the consensus value if a single method disagreed.

For the rest of the analysis, we 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 multilayered approach for measur-
ing stellar properties. In the first set of stages, an automated
pipeline is used to infer trial values for key observables (Teff ,
log(g), the ratios of metals, carbon and nitrogen: respectively
[C/M] and [N/M], and the alpha to iron ratio: [α/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 sur-

face gravities because of a still poorly-understood phenomenon:
the difference between the trial log(g) (here ginit) and calibrated
log(g) (here gcal) is observed to be a function of evolutionary
status.

We adopt here the same algorithm for assigning spectro-
scopic evolutionary states as the one used by the APOGEE sur-
vey in DR16 (Jönsson et al. 2020). A related expression, for
DR17, can be found in Warfield et al. (2024), which we use here.
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 Teff difference
between them, of order 200K, is found to have a weak depen-
dence with mass, metallicity, and surface gravity, although the
absolute effective temperatures of both populations are sensitive
to all three. The APOGEE survey therefore defines a reference
surface temperature (Tref) as a function of log(g), metallicity, and
carbon-to-nitrogen: [C/N] (a spectroscopic proxy for mass),

Tref = 3032.8 + 552.6log(ginit)− 488.9[M/H]− 357.1[C/N]. (1)

These calculated Tref are the ones being used in the rest of the
article. Stars with 3.5 > log(ginit) > 2.38 and Teff > Tref were
classified as RC stars in DR16 (Jönsson et al. 2020), and they
were assigned a surface gravity

log(gcal) = log(ginit) + 4.532−3.222log(ginit) + 0.528(log(ginit))2.

(2)

All other stars with log(ginit) < 3.5 had the RGB correction
applied,

log(gcal) = log(ginit) − (−0.441 + 0.759log(ginit)−

0.267(log(ginit))2 + 0.028(log(ginit))3 + 0.135[M/H]),
(3)

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

log(gcal) = log(ginit) − (−0.947 +
Teff spec

5302
+ 0.410[M/H]). (4)

Subgiants with 3.5 < log(g) < 4.0 had a weighted average
of the dwarf and RGB values assigned. These surface grav-
ity 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 asteroseismically classified as RGB (blue) and
RC (red) clearly separated in the Tref plane. The large majority
of stars fall naturally on the positive side or the negative side of
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Fig. 3. Distribution of stars as a function of Tref . The blue and red his-
tograms correspond respectively to RGB/AGB and RC stars, as deter-
mined by seismology following Section 4.

Tref , but a significant subset do not. Those red giants will likely
be spectroscopically classified incorrectly relative to the seismic
classification. We fitted a Gaussian function over the two evo-
lutionary status samples and found that the width at half max-
imum of each sample correspond to 44.04 ± 0.43K for RGB
and 43.28 ± 0.47K for RC. Because the position at the center
of the peak of each sample is −79.46 ± 0.43K for RGB and
82.31 ± 0.47K for RC, the two evolutionary statuses will over-
lap at less than two times the width at half-maximum of their
Tref distribution. The overlap between the two samples, which
will produce a misidentification 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 discussed in Section 6.2. Other approaches, using more
detailed information from the full spectrum, have also been per-
formed (see Ness et al. 2015; Hawkins et al. 2018; Banks et al.
2023, 2024). As seen in Figure 3, the agreement between spec-
troscopic and asteroseismic states is extremely good even with-
out the usage of full spectral information. We therefore proceed
with the APOGEE approach for the remainder of the paper.

6. Seismic and spectroscopic evolutionary status
comparison

In the APOKASC-3 sample, the seismic evolutionary status is
determined for 11371 stars (4755 identified as RC and 6616
identified as RGB or AGB) out of 15 464 red giants, while
the spectroscopic evolutionary status was determined for 15 232
stars. Because the seismic and spectroscopic evolutionary status
are not obtained uniformly for the whole sample, we focus in
this section on the 11 297 stars for which both seismic and spec-
troscopic classification give an evolutionary status classification.

6.1. Agreement between seismic and spectroscopic
classification

In this sample, an agreement between the two evolutionary sta-
tus determination techniques was found for 10 780 red giants
(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 between the different meth-
ods and the accurate calibration of the spectroscopic evolution-
ary status determination technique as stated by Elsworth et al.
(2019). On the contrary, 517 red giants have divergent evolu-

Fig. 4. Stellar surface gravity as a function of the effective tempera-
ture Teff for the stars showing agreement between the spectroscopic and
seismic evolutionary status classification. The red stars represent the RC
and the blue stars represent the RGB or AGB stars for high-luminosity
objects.

tionary 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 signifi-
cantly from what is expected for clump and RGB stars.

6.2. Stars with a divergent evolutionary status classification

Divergent evolutionary status between spectroscopic and seis-
mic techniques are present for 517 stars. 215 stars are identi-
fied as RC by seismology and as RGB by spectroscopy. 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 popu-
lations overlap. The only exceptions concern 4 stars for which
the low spectroscopic surface gravity (around 1) does not corre-
spond 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 dis-
cussion 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 classifications, a specific
check of the mixed modes was performed. The evolutionary sta-
tus was considered to be certain when the measurement of ∆Π1
following the method of Mosser et al. (2014) and Vrard et al.
(2016) was possible. The stars with ∆ν > 10 µHz were also auto-
matically 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 spec-
troscopy was confirmed to belong to the RC for 143 stars out of
215. None were identified as RGB stars. We can see on the bot-
tom part of Figure 5 that a significant part of these stars corre-
spond to secondary clump stars and the high surface gravity RC
stars previously identified. Because of their high log(g) values,
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Fig. 5. Stellar surface gravity as a function of the effective temper-
ature Teff for the stars with an agreement between the spectroscopic
and seismic evolutionary status classification (in black). Top: Stars with
divergent spectroscopic and seismic evolutionary status (pink triangles).
Center: Stars identified as RGB by seismology and RC by spectroscopy
for which the evolutionary status was confirmed as RGB (blue triangles)
or RC (red triangles). Bottom: Same as center panel, but the red trian-
gles correspond to confirmed RC stars identified as RC by seismology
and RGB by spectroscopy.

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 identified as

true RGB correspond mostly to high-mass stars (83 stars out of
145 have a mass larger than 1.5 M�) that are spectroscopically
confused as RC because of their high Teff and mass, putting
them closer to secondary-clump in the Teff-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 ∆Π1 and ∆ν, 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 ∆Π1 of these stars is still much
higher than those of RGB at the same ∆ν, they are still in the
helium-core-burning phase.

7. Evolutionary status of specific populations and
RC lower limit

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

g = log

 νmax

3076

√
Teff

5772

 + 4.437. (5)

The spectroscopic and seismic comparison shows an over-
all 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 discrep-
ancies 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. This observed strong RC edge is consistent with
previous 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 com-
pare 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). Sev-
eral evolutionary tracks were computed with 4 different masses
(2.4 M�, 2.6 M�, 2.8 M�, 3.0 M�) and 3 different values of core
overshooting (overshoot parameters of 0.0, 0.1 and 0.2 pressure
scale heights). Lower masses were not considered because of the
difficulty of going beyond the helium flash. The log(g) RC higher
limit for the different models 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 reproduce the
observed results on the helium core mass. This conclusion
was also reached previously to reproduce ∆Π1 values by mod-
els for RC stars (Bossini et al. 2015; Constantino et al. 2015;
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Fig. 6. Top: Seismic surface gravity (g) for the stars identified by seis-
mology as belonging to the RC (in red) as a function of the spectro-
scopic surface gravity. The blue points correspond to the stars identi-
fied as RGB by spectroscopy on the contrary to seismic results. Bot-
tom: 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 over-
shoot of 0.2 pressure scale height: dark red, cyan, dark green, and pink
correspond respectively to stellar models with masses of 3.0, 2.8, 2.6,
and 2.4 M�.

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, in order to characterize the limits of the clump, we
computed the asteroseismic mass and radius of the stars fol-
lowing the seismic scaling relations (e.g. Kjeldsen & Bedding
1995). We used the relations present in the Equation 3 and
4 of Pinsonneault et al. (2018) with solar values present in
Table 1 of that same work. We can see in 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 small
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

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 represented by the diamonds. The colors
depict models with different core overshooting values: no overshooting
(dark green), 0.1 pressure scale height (cyan), and 0.2 pressure scale
height (dark blue). The minimum radius values for the different MIST
tracks are shown as black crosses.

(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 0.8 M� and 3 M�, solar metallic-
ity and no extinction. In the MIST models, diffusive overshoot
is included in their core and their envelope with an efficiency
of fov,core = 0.0160 and fov,env = 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 repro-
duce well the global shape of the ZAHB. This curve shape is due
to several phenomena, the main one being that low-mass stars
(M . 1.8 M�) start their helium-burning phase with a degener-
ate core, therefore with the same He core mass (Girardi 1999;
Montalbán et al. 2013). The star with lower masses will then
produce the same observed luminosity (Lagarde et al. 2016),
therefore reach lower radius. For more massive stars, the He-
burning starts in a nondegenerate core leading to lower helium
core masses and radii (Girardi 1999; Montalbán 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 sam-
ple 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 metallicity on the ZAHB shape, we restricted
the mass and radius determination to stars with similar metallici-
ties. 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 observed
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 parameters have an influence on
the models parameters for red giant stars, the main ones being
the description of convective processes at the convective bound-
aries, 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 neces-
sary to fully understand which parameters affect the differences
between the models for massive stars, but is beyond the scope of
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this paper. Nonetheless, this analysis between theoretical models
and observations shows that these results can be used to study the
physics of RC models.

8. Asymptotic giant branch stars classification

8.1. Comparison between different asteroseismic methods
for the identification of AGB stars

The separation between RGB and AGB stars is difficult to per-
form with spectroscopy or seismology because the stellar prop-
erties of those red giants are very similar. However, two seismic
techniques have claimed to be able to disentangle the two evolu-
tionary states using the pressure mode pattern of the star oscilla-
tion spectra. Each of them expanded a technique that was tested
and calibrated on the separation of RGB and RC stars. ABBA
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 COR is based on the amplitude of the envelope
autocorrelation function (EACF) used to measure the large sepa-
ration ∆ν. The use of those two techniques simultaneously would
therefore allow 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 ∆ν
and νmax 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 ∆ν ≤ 1 µHz. Because
the beginning of the AGB phase starts with a ∆ν ∼ 2.5 µHz for
a typical 1 M� star, this discrepancy appears to rise rapidly. We,
thus, need a new method to confirm that we can seismically dis-
entangle the two evolutionary statuses.

With the current data set we possess, there are 76 stars iden-
tified as AGB by ABBA for which an evolutionary status is
also given by COR. Between those two techniques, we only
have a 48.7% agreement, which correspond to a random distri-
bution, therefore pointing toward a lack of agreement between
the two methods. However, most of the stars for which the dis-
agreement occurs have very low ∆ν. Although the stars with
∆ν ≤ 1 µHz show a systematic disagreement, the agreement frac-
tion increases towards larger ∆ν, reaching 63.3% for stars with
∆ν > 1.5 µHz. However, this number is less than two standard
deviations away from a random distribution for the star’s identifi-
cation. 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 conclu-
sions about the efficiency of the methods from them. These dis-
agreements 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.

8.2. Spectroscopic classification of AGB stars

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 gravity. AGB stars should also only be
present above the luminosity of the RC. In order to have an
independent analysis, we perform a spectroscopic determination
of the evolutionary status of low surface gravity (log(g) < 2.2)
using APOGEE data and evolutionary tracks. For the same rea-
sons stated in Section 2.3, we used the DR16 data for the fol-
lowing part. For each star in the APOKASC-3 sample, an inter-

Fig. 8. Difference between the star Teff and the reference model effective
temperature Tint as a function of metallicity. The Teff and metallicity
values are from the APOKASC-3 sample.

polation with the model grid described by Tayar et al. (2017) is
performed using the seismic mass, metallicity, [M/H], alpha ele-
ments abundance ([α/M]) and seismic log(g). The Teff that the
interpolated model possess for each star, named afterwards Tint,
is then taken as a reference effective temperature. Tint serves a
similar purpose to the Tref , except we actually have the mass of
the star, so we can compute the offset from the expected giant
branch exactly. The measured offsets between the observed tem-
perature Teff and the model-predicted temperature Tint, we call
here ∆Tref , were plotted as a function of metallicity in Figure 8.
Similar to the results of Tayar et al. (2017), a trend between the
temperature offsets and the stellar metallicity can be seen for
stars with [Fe/H] < 0.0. For this work, such a trend is not of sci-
entific interest and so we define a function to remove this trend
given the stellar metallicity, with the offset 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 abundance (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). How-
ever, 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.

∆Tref is thus obtained with the following relation:

∆Tref = Teff − Tint − 190[Fe/H] − 140, (6)

for stars with [Fe/H] < 0.0, and

∆Tref = Teff − Tint − 140, (7)

for stars with [Fe/H] > 0.0. ∆Tref should therefore correspond
to how much the effective temperature of the star diverges from
model predictions, corrected for a metallicity dependent Teff off-
set in the models. The stars that show a deviation towards high
effective temperature, accounting for the uncertainties on Teff ,
should correspond to the AGB candidates. The ∆Tref distribu-
tion can be seen in Figure 9 where a clear asymmetry is present
towards high ∆Tref values, therefore corresponding to hotter stars
than predicted by the modeled Tint. This feature in the distribu-
tion is a signature of the presence of AGB targets. We decided
to take the separation between RGB stars and AGB candidates
at 2σ from the original RGB stars distribution as described in
Section 5. We also note that the Tref distribution is not exactly
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Fig. 9. 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
∆Tref (in blue). The dot-dashed red line shows a Gaussian fit of width
44.04 K centered on −26.40 following the distribution of α-rich stars.
The orange dashed line indicates the two-σ limit of the measured RGB
sample distribution following Section 5.

centered on 0. In order to take this bias into account, we selected
α-rich stars in our sample of low log(g) targets. 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. 2025). We fitted the α-rich RGB tar-
gets Tref distribution with a Gaussian and found a zero reference
point of −26.40±1.25 K. We then used this value as the mean of
the original RGB gaussian distribution and select the AGB can-
didates at 2-σ from the original RGB distribution. The separa-
tion between RGB and AGB candidates is shown by the orange
dashed line in Figure 9 at Tref = 61.68 K. 398 stars are iden-
tified 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. When the updated DR17
values are used, the exact temperature cutoffs used do shift, but
in general the process and the stars identified as potential AGB
candidates remain similar.

We note that, for the spectroscopic AGB candidates, the off-
set from the RGB locus tends to be slightly clearer before 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 previous phases of evolution.

8.3. Spectroscopic selection of identified RGB stars

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 com-
puted the Teff difference between the AGB and RGB tracks at the
same log(g). This Teff offset from RGB models rapidly decreases
when we reach low log(g) as can be seen in the top panel of
Figure 10 for the 1.7 M� MIST evolutionary track and in the
other panels of that figure for the 1.0 M� MIST evolutionary
track. The rapidity of the decrease highly depends on the model’s

Fig. 10. log(g) as a function of ∆Tref 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. The overplotted
solid red and blue lines show the AGB-RGB Teff offset for, respectively,
the 1.7 M� and 1.0 M� MIST evolutionary track. Top: full APOKASC-3
sample. Middle: α-poor targets. Bottom: α-rich targets.

mass, being stronger for higher mass stars. In order to be sure
to select practically exclusively RGB stars, we took as a ref-
erence the 1.7 MIST evolutionary track because its Teff 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-σ away
from that track following the original clump star distribution we
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Table 4. First lines of a joined file summarizing the AGB or RGB evolutionary status determination.

KIC number Teff (K) σTeff
(K) log(g) σlog(g) Tref (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

Notes. The different columns correspond respectively to the KIC number, Teff , σTeff
, log(g), σlog(g), Tref , and the AGB/RGB classification (0 for

AGB/RGB, 1 for certain RGB, and 2 for candidate AGB). The full table is available at the CDS.

measured in Section 5. The stars not selected as AGB candi-
dates or RGB are considered as having an undetermined status:
RGB/AGB. The classification of the stars (RGB, candidate AGB
and AGB/RGB) can be retrieved in Pinsonneault et al. (2025). It
is also present in an adjoining file for which the first lines can be
seen in Table 4.

In Figure 10 we show the ∆Tref distribution for α-poor (mid-
dle panel) and α-rich stars (bottom panel) exclusively. Because
the α-rich stars are targets with similar ages and metallicity, we
expect them to show a clear difference of ∆Tref between their
AGB and RGB phases. In the bottom part of Figure 10 we can
indeed see a separation between a group of stars near ∆Tref = 0,
corresponding to RGB targets, and a group of stars with higher
∆Tref . This separation is mainly visible for stars with log(g) >
2.0. The group of stars with high ∆Tref values corresponds to the
MIST 1.0 M� and 1.7 M� AGB evolutionary track and can there-
fore 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 consis-
tent. In the middle panel of Figure 10 (α-poor stars) we can also
note the absence of the hottest stars present in the other panels.
They correspond to old low-mass α-rich targets and have likely
suffered heavy mass loss during the RGB phase (Miglio et al.
2012, 2021; Howell et al. 2022, 2024, 2025; Pinsonneault et al.
2025). We also plotted the identified AGB and RGB targets in
the HR diagram (Figure 11). In this configuration, the separation
between AGB and RGB targets is less clear. However we can see
that the colder the star at similar log(g), the more likely it is iden-
tified as belonging to the RGB, and the hotter the star at similar
log(g), the more likely it is identified as belonging to the AGB.
It shows also that the hottest stars at same log(g) correspond
to the α-rich targets and are all identified as belonging to the
AGB.

8.4. Agreement evaluation between the asteroseismic and
spectrocopic AGB determination

Within this spectroscopic AGB candidate star sample, we iden-
tified 104 stars for which an evolutionary status is determined
with the seismic method ABBA. Among those, 52.0% are in
agreement with the spectroscopic identification of AGB targets.
Concerning the method COR, 266 stars correspond to the AGB
candidate spectroscopic sample. 37.2% are in agreement with
the AGB candidates identified by our spectroscopic determi-
nation. The agreement between the spectroscopic and seismic
results are particularly low and can correspond to a random iden-
tification, even if we consider that the number of false positive
determination of AGB targets is nonnegligible and that the num-
ber 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 12 the
agreement between the spectroscopic and the seismic methods
as a function of ∆ν. We can see that the consensus between the
two types of techniques is rapidly degrading at low ∆ν, below
70% for stars with ∆ν < 2 µHz. 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 ∆ν ∼ 2 µHz). Again, the small sam-
ple 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
2 µHz.

9. Conclusion

The determination of red giant evolutionary status is of primary
importance for stellar population, stellar interiors, and galactic
archaeology studies. For this paper, we created the most precise
and up-to-date red giant evolutionary status catalog for Kepler
asteroseismic targets to be used in the future on stellar evolu-
tion works and stellar population analysis. We obtained this cat-
alog with asteroseismic and spectroscopic data. We combined
several automated asteroseismic evolutionary status determina-
tion methods to obtain the final sample separating RC and RGB
stars. The different techniques were found to be in very good
agreement with each other; those using the mixed-mode pat-
tern were the most accurate but delivered fewer results in gen-
eral. We compared this determination to the evolutionary status
estimation given by spectroscopic results from the APOKASC-
3 Kepler sample, which corresponds to a subsample of the red
giant Kepler legacy sample. We then focused on this subsample
for a more detailed analysis.

We showed that the spectroscopic determination was in very
good agreement with the asteroseismic results, therefore prov-
ing the robustness of the calibrated spectroscopic evolution-
ary status determination. The stars for which a disagreement
arises between the spectroscopic and asteroseismic classification
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 statuses.

This new catalog is in agreement with previous work
(Elsworth et al. 2019) and can be used to further test stellar
models, including the necessary assumptions on the overshoot
amount. We demonstrated that the RC has a clear observable
edge situated at 2.99 ± 0.01 in log(g). In agreement with pre-
vious results, we identified and confirmed the minimum radius
of the zero-age sequence of helium-burning stars (ZAHB),
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Fig. 11. log(g) as a function of Teff 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: α-poor targets. Bottom: α-rich targets.

leaving only a few stars with a radius lower than this observed
limit. Those stars, as pointed out by Li et al. (2022), likely cor-
respond to peculiar red giants that experienced mass loss during
their evolution.

Finally, we tested the possibility of disentangling RGB from
AGB stars on the upper part of the giant branch with asteroseis-
mology and spectroscopy. We found that the seismic methods
are in agreement with the spectroscopic data on the identification
of AGB targets, but only in the vicinity of the RC, for stars with

Fig. 12. Percentage of stars spectroscopically identified as belonging to
the AGB and for which their AGB evolutionary status is in agreement
with COR (blue) and ABBA (red) as a function of ∆ν. Each data point
corresponds to the aggregation of the agreement over a ∆ν range of
0.5 µHz.

∆ν ∼ 2 µHz. The results between the different techniques diverge
rapidly when the star evolves along the AGB showing that identi-
fying these stars remains difficult. This work thus shows that the
seismically identified AGB targets needs to be used with cau-
tion regarding the certainty of their evolutionary status for future
works.
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