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A B S T R A C T 

Modern spectroscopic surv e ys output large data volumes. Theoretical models provide a means to transform the information 

encoded in these data to measurements of physical stellar properties. Ho we ver, in detail, the models are incomplete and simplified, 
and prohibit interpretation of the fine details in spectra. Instead, the available data provide an opportunity to use data-driven, 
differential analysis techniques, as a means towards understanding spectral signatures. We deploy such an analysis to examine 
core helium-fusing red clump (RC) and shell hydrogen-fusing red giant branch (RGB) stars, to unco v er signatures of evolutionary 

state imprinted in optical stellar spectra. We exploit 786 pairs of RC and RGB stars from the GALAH surv e y, chosen to minimize 
spectral dif ferences, with e volutionary state classifications from TESS and K2 asteroseismology. We report sub- per cent residual, 
systematic spectral differences between the two classes of stars, and show that these residuals are significant compared to a 
reference sample of RC–RC and RGB–RGB pairs selected using the same criteria. First, we report systematic differences in the 
Swan (C 2 ) band and CN bands caused by stellar evolution and a difference in mass, where RGB stars at similar stellar parameters 
have higher masses than RC stars. Secondly, we observe systematic differences in the line-width of the H α and H β lines caused 

by a difference in microturbulence, as measured by GALAH, where we measure higher microturbulence in RC stars than RGB 

stars. This work demonstrates the ability of large surv e ys to unco v er the subtle spectroscopic signatures of stellar evolution using 

model-free, data-driven methods. 

Key words: asteroseismology – methods: data analysis – techniques: spectroscopic – surv e ys – stars: evolution – stars: statistics. 
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 I N T RO D U C T I O N  

istinguishing between hydrogen-shell-fusing red giant branch 
RGB) stars and helium-core-fusing red clump (RC) stars is im- 
ortant to a myriad of science cases. F or e xample: the study of
ithium rich giants and their enhancement mechanisms (Casey et al. 
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019 ; Singh, Reddy & Kumar 2019 ; Martell et al. 2021 ; Yan et al.
021 ; Zhou et al. 2022 ; Tayar et al. 2023 ), building the local cosmic
istance ladder (Stanek, Zaritsky & Harris 1998 ; Hawkins et al.
017 ), building constrained stellar samples to study the low and high
disc (Lu et al. 2022 ), and mass loss on the RGB (Charbonnel 2005 ;
owell et al. 2024 ). 
Asteroseismology, the study of internal stellar structure through 

scillations, provides an unambiguous way of distinguishing between 
C and RGB stars (Montalb ́an et al. 2010 ; Bedding et al. 2011 ;
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osser et al. 2011 , 2012 ). Red giants are observed to have solar-like
scillations (Frandsen et al. 2002 ; De Ridder et al. 2006 ; Barban
t al. 2007 ). These oscillations are caused by pressure or acoustic (p)
odes, which probe the conv ectiv e env elope; and gravity (g) modes,
hich probe the core. Whilst g modes contain information on the

tellar core, they usually cannot propagate to the surface of the star
nd are thus not observ able. Ho we ver, p and g modes can couple to
orm mixed modes (Chaplin & Miglio 2013 ). Mixed modes carry
roperties from the stellar core to the surface of the star, allowing
s to distinguish between different evolutionary states (Beck et al.
011 ). 
Asteroseismology requires high temporal frequency radial veloc-

ty or photometric observations in order to resolve mixed modes
Hon, Stello & Yu 2018a ). Although great strides have been made for
steroseismic surv e ys (Stello et al. 2013 ; Elsworth et al. 2017 ; Hon
t al. 2018a ), the number of stars for which we have asteroseismic
easurements pales in comparison to the number of stars with

pectroscopic data (Abdurro’uf et al. 2022 ; Buder et al. 2025 ).
sing spectroscopy, we are able to measure ef fecti ve temperature

T eff ), surface gravity ( log ( g)), and metallicity ([ Fe / H]) to high
ccuracy and precision. Ho we ver, stellar e volutionary tracks at the
ame [ Fe / H] but different mass can o v erlap in T eff - log ( g) space.
lthough RC and RGB stars can be separated if the star’s mass is
no wn, it is dif ficult to infer masses for giant stars to a high accuracy
nd precision using only spectroscopic data. 

Machine learning (ML) algorithms have been employed to expand
he number of stars with an evolutionary state classification. Data-
riven ML methods that leverage precision asteroseismic measure-
ents have shown success in learning evolutionary state directly

rom both APOGEE and LAMOST stellar spectra (Hawkins, Ting &
alter-Rix 2018 ; Ting, Hawkins & Rix 2018 ; Casey et al. 2019 ; Lu

t al. 2022 ). This is achieved through label transfer of asteroseismic
arameters to spectra, allowing us to classify the evolutionary
tate using spectroscopic information. With these ML algorithms
chieving 93–98 per cent accuracy, it is clear that there is an
volutionary state signal in stellar spectra. 

Differences in the spectroscopy of RC and RGB stars have been
inked to molecular features related to carbon (Masseron & Hawkins
017 ; Hawkins et al. 2018 ; Banks et al. 2023 , 2024 ), with the so-
alled deep mixing thought to be the cause of this link. At the end
f the first dredge up, the conv ectiv e env elope recedes to the surface,
eaving behind a chemical discontinuity (the so-called μ–barrier)
hich prevents further mixing of material between the stellar core

nd surface. During evolution up the red giant branch, the hydrogen-
using shell expands outwards and contacts this μ–barrier, ef fecti vely
emoving it. When this occurs, the star temporarily drops in lumi-
osity, causing what we observe as the RGB bump. The removal
f this chemical discontinuity beyond the RGB bump allows further
ixing between the stellar core and surface (Sweigart & Mengel

979 ; Charbonnel 1994 ; Charbonnel & Zahn 2007 ; Charbonnel &
ag arde 2010 ; Lag arde et al. 2012 ). Deep mixing has been observed
n the RGB beyond the RGB bump (Gilroy 1989 ; Charbonnel,
rown & Wallerstein 1998 ; Gratton et al. 2000 ; Recio-Blanco &
e Lav ern y 2007 ; Martell, Smith & Brile y 2008a ; Martell, Smith &
riley 2008b ; Masseron & Gilmore 2015 ; Lagarde et al. 2019 ;
hetrone et al. 2019 ; Roberts et al. 2024 ): it depletes C, enhances
, and reduces the 12 C / 13 C ratio, with the amount depending on the

tar’s mass and metallicity (Lagarde et al. 2012 ). As a result, RC
tars of similar mass and metallicity have lower [C / N] and 12 C / 13 C
ompared to RGB stars, causing an observable difference in carbon-
elated molecular features in the spectrum. Although existing studies
nd differences in CN, CH, and CO molecular lines (Hawkins et al.
NRAS 540, 3919–3933 (2025) 
018 ; Banks et al. 2023 , 2024 ), these studies make use of data-driven
odels. 
There are now a number of large spectroscopic surv e ys with

omplementary classifications of evolutionary state from asteroseis-
ic surv e ys for subsets of stars (Pinsonneault et al. 2014 ; Buder

t al. 2025 ; Pinsonneault et al. 2025 ). Galactic Archaeology with
ERMES (GALAH) is a spectroscopic surv e y, with the main mission
f studying Galactic archaeology through chemical tagging (De
ilva et al. 2015 ). In Data Release 4 (Buder et al. 2025 ), GALAH

ncorporated additional fields that observe asteroseismic targets from
he K2 (Howell et al. 2014 ) and TESS (Ricker et al. 2014 ) surv e ys. 

In this paper, we study the evolutionary state signal in optical
tellar spectra using the GALAH, TESS , and K2 surv e ys in a data-
riven but model-free way. In Section 2 , we clean and crossmatch
he surv e y data used in this w ork. We tak e pairs of RC and RGB stars
n order to limit stellar parameter influence, discussed in Section 3 .
n Section 4 , we show the optical spectroscopic signature of stellar
volutionary state, and link this signal to physical stellar parameters
n Section 5 . Lastly, we summarise our findings in Section 6 . 

 DATA  

.1 Spectroscopic catalogue 

n this work, we use measured parameters and abundances as
ell as observed spectra drawn from the million-star GALAH

urv e y. GALAH is a stellar spectroscopic surv e y, using the 2dF
bre positioner (Lewis et al. 2002 ) on the 3.9 m Anglo-Australian
elescope at Siding Spring Observatory. Spectra are taken with the
ERMES instrument, which has a resolution of R = 28 000 o v er
 CCDs, co v ering wav elengths: 4713–4903 Å, 5648–5873 Å, 6478–
737 Å, and 7585–7887 Å (Barden et al. 2010 ; Brzeski, Case & Gers
011 ; Heijmans et al. 2012 ; Farrell et al. 2014 ; Sheinis et al. 2015 ).
ata Release 4 (DR4) measured stellar parameters and abundances

or ∼ 900 000 unique stars, these parameters along with reduced
pectra are published in Buder et al. ( 2025 ). 

We remo v e anomalous stars, flagged stars, and low S / N stars. The
ALAH catalogue flags stars with issues in the data analysis. In
articular, the flags flag sp and flag mg fe are set to zero in
rder to remo v e stars with inaccurate stellar parameters and [ Mg / Fe ]
easurements. We follow the recommendation in Buder et al. ( 2025 )

nd do not apply the flag flag fe h , as up to 34 per cent of stars
ith detectable Fe lines have been flagged as non-detections because
f an inappropriate choice of reference spectra. Rapid rotators and
ithium rich giants have anomalous spectra which are not caused by
 star’s evolutionary state. We remo v e these stars through restricting
 sin ( i) < 7 km s −1 and A(Li) < 1 . 5, where we set flag a li <
 in order to remo v e stars with poor Li abundance detections. To
ncrease the spectral fidelity, we remo v e stars with S / N per pixel
elow 10 in CCD1, S / N below 20 in CCD2, and S / N below 30 in
CD3 and CCD4. All observed spectra have been shifted to the rest

rame and linearly interpolated onto the same wavelength grid. 

.2 Asteroseismic catalogue 

e adopt asteroseismic observables and the stellar evolutionary
tate from the TESS (Ricker et al. 2014 ) and K2 (Howell et al.
014 ) surv e ys. The frequenc y of maximum acoustic power ( νmax )
nd the frequency separation between overtone modes ( �ν) are
xtracted from the power spectrum using the SYD pipeline (Huber
t al. 2009 , 2011 ; Yu et al. 2018 ), which takes initial guess νmax 

alues from Hon, Stello & Zinn ( 2018b ). The �ν values are then
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Figure 1. The left panel shows GALAH log ( g) with a representative error bar compared to asteroseismic log ( g). RGB stars are shown in blue whilst RC stars 
are shown in red. The solid black line indicates a one-to-one relationship between the two different log ( g). The dashed black lines are offset by 0.2 dex from the 
one-to-one relationship line, and stars with log ( g) difference larger than 0.2 are remo v ed from the crossmatched catalogue. The right panel shows the T eff and 
log ( g) space that the crossmatched stars occupy after removing stars with a log ( g) discrepancy. 
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etted through a neural network-based classifier (Reyes et al. 2022 ), 
here we adopt the same vetting cut-off threshold of 0.5. Lastly, the

volutionary state is classified using a convolutional neural network 
n the folded spectrum (Hon et al. 2017 ; Hon et al. 2018a ). Stars are
lassified in a continuum from 0 (a clear RGB star), to 1 (a clear RC
tar), with the vast majority of stars having values near 0 or 1. To
 v oid the ambiguous classifications near 0.5, we remo v e stars with
lassification between 0.3 to 0.7. 

.3 Crossmatched catalogue 

e combine the spectroscopic data with asteroseismic data by 
rossmatching between stars with the smallest angular distance on 
ky. Using this crossmatched catalogue, we calculate asteroseismic 
 log ( g)): 

log ( g) = log 

(
νmax 

νmax , �

)
+ 0 . 5 log 

(
T eff 

T eff , �

)
+ log ( g �) , (1) 

here T eff is the ef fecti ve temperature. We adopt Solar parameters
 eff , � = 5772 K and log ( g �) = 4 . 438 from Pr ̌sa et al. ( 2016 ), and
max , � = 3090 μHz from Huber et al. ( 2011 ). Whilst GALAH 

easures log ( g) through its definition ( g ∝ M/R 

2 ) and the Stefan-
oltzmann scaling relation (Buder et al. 2025 ). We show GALAH 

og ( g) compared to the asteroseismic log ( g) in the left panel of
ig. 1 . In general, there is good agreement between asteroseismic
nd spectroscopic log ( g), with the exception of some RC stars with
ALAH log ( g) ≈ 2 . 8 and asteroseismic log ( g) ≈ 2 . 4. These stars

re o v erestimated in spectroscopic log ( g) due to a mismatch of
sochrones and stellar spectroscopic parameters, causing primary RC 

tars to be misidentified as secondary RC stars (Buder et al. 2025 ).
ALAH measures stellar parameters iteratively and consistently, in 
rder to retain consistency, we adopt the GALAH log ( g). Ho we ver,
e remo v e stars with log ( g) difference of more than 0.2 de x in
rder to remo v e these misidentified secondary RC stars. In total
e crossmatch 8163 stars; after applying the aforementioned quality 

uts, 5949 stars remain, out of which 4065 are RGB stars and 1884
re RC stars. These remaining crossmatched stars are shown in the
ight panel of Fig. 1 . 

Using GALAH T eff , [ Fe / H] and asteroseismic νmax , �ν, we
alculate mass and radius using ASFGRID (Sharma et al. 2016 ;
tello & Sharma 2022 ). ASFGRID computes mass and radius using

he asteroseismic scaling relations and Stefan–Boltzmann luminosity 
aw in addition to a corrected �ν interpolated over a grid (Stello &
harma 2022 ). This correction is necessary to account for the well-
nown fact that �ν does not scale precisely with ρ1 / 2 in red giant
tars (see Sharma et al. 2016 for details). 

 M E T H O D  

tellar spectra contain information on ef fecti ve temperature (T eff ),
urface gravity [ log ( g)], metallicity ([ Fe / H]), and elemental abun-
ances. As a result, it is difficult to separate RGB and RC stars using
pectroscopy alone because they occupy the same T eff , log ( g), and
 Fe / H] space within uncertainties. 

In order to find spectroscopic differences caused by the evolution- 
ry state, we need to control the observed spectroscopic parameters. 
e achieve this with a po werful dif ferential technique by taking

airs of RGB and RC stars with similar spectroscopic parameters 
we refer to these as matched pairs. Such matched pairs of RGB

nd RC stars must have a difference in mass. This is because when
 star evolves from the hydrogen-shell fusion state at the tip of the
ed giant branch to begin helium fusion, its outer envelope contracts
aking the star smaller and therefore hotter (i.e. as per the Stefan
oltzmann equation). If an RGB and an RC star have the same

tellar parameters: T eff and log ( g) (which implies the stars have
MNRAS 540, 3919–3933 (2025) 
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he same radius), then the RGB star must be less massive than the
C star. 
Whilst mass cannot be directly measured from stellar spectra,

econdary effects such as changes in carbon, nitrogen, and oxygen
bundances due to the first dredge up and deep mixing should be
isible in the spectra of our matched pairs. At the base of the red
iant branch, the conv ectiv e env elope deepens into the core, dredging
p material from the stellar core to the stellar surface (Iben 1964 ,
967 ; Lambert 1981 ). As a consequence, CNO-processed material in
he core is brought to the surface of the star, modifying the observed
C / N] and 12 C / 13 C ratio (Lambert & Ries 1977 , 1981 ; Smith &
ambert 1985 ; Halabi & Eid 2015 ; Masseron & Gilmore 2015 ;
artig et al. 2016 ; Ness et al. 2016 ). The amount of CNO-processed
aterial in the core is a function of both stellar mass and the depth of

he excursion of the con vective en velope into the core. For example,
ower mass stars have a lower fraction of core nitrogen abundance
nd a shallower excursion of the convection zone. Subsequently,
ower mass stars at fixed metallicity have higher [C / N]. Deep mixing
urther modifies [C / N] and 12 C / 13 C ratio in a similar direction in stars
eyond the RGB bump (Lagarde et al. 2012 ). 

.1 Matched pairs 

e define a matched pair as two stars with different evolution-
ry states but similar spectroscopic and observational parameters:
T eff < 50 K, δ log ( g ) < 0 . 15, δ[ Fe / H] < 0 . 05 dex, δ[ Mg / Fe ] <

 . 05 dex, and 
∣∣∣ (S / N) RC 

(S / N) RGB 
− 1 
∣∣∣ < 0 . 2 for all 4 CCDs of the HERMES

nstrument. These ranges are approximately based on GALAH
ncertainties. These parameter criteria ensure similar spectroscopic
roperties and metallicity contribution from core collapse and ther-
onuclear supernovae (Sayeed et al. 2024 ). The S / N criteria ensure

imilar observational properties, creating RGB and RC pairs which
ave spectral differences driven by the remaining small parameter
ifferences inherited from their respective evolutionary states. For
ach RC star, we randomly pick a RGB star that satisfies the
forementioned criteria, resulting in a total of n = 786 matched
airs. We note that unique RGB stars can be present in more than
ne matched pair, this is further discussed in Appendix A1 . 
For each matched pair, we calculate a difference spectrum, δf ,

iven by: 

f i = f RC ,i − f RGB ,i , (2) 

here i ∈ { 1 , . . . , n = 786 } is the index of the matched pair, f RC 

s the normalized flux of the RC star, and f RGB is the normalized
ux of the RGB star. The difference spectra on the H α region for all
atched pairs is shown in the bottom panel of Fig. 2 . 
The median RGB spectrum, med (f RGB ), is given by 

ed ( f RGB ) = med ( f RGB , 1 , . . . , f RGB ,n ) . (3) 

his median RGB spectrum is shown in the top panel of Fig. 2 as a
eference for the typical spectral lines present in the H α wavelength
egion. The median RC spectrum is not visibly different from the
edian RGB spectrum and is therefore not shown. 
We want to study the difference in spectra caused by evolutionary

tate, not individual matched pairs, so we calculate the median
ifference spectrum, �f , defined as 

f = med ( δf 1 , . . . , δf n ) . (4) 

he median difference spectrum for the H α region is shown
n the middle panel of Fig. 2 . The standard deviation of �f 

s a representation of how much �f deviates from zero, and
NRAS 540, 3919–3933 (2025) 
s also shown in the middle panel of Fig. 2 . For the H α re-
ion, this is 0.2 per cent, which is a small difference. Therefore,
he rest of the methodology investigates the significance of this
ifference. 

.2 Control pairs 

o quantify the effect of the matched methodology on the median
ifference spectrum, we find two additional sets of matched stars.
e take the RGB stars from the existing matched pairs, and find their
atched RGB stars using the same criteria. This gives 247 RGB to
GB matched pairs. We repeat this process for RC stars, and find 650
C to RC matched pairs. The median difference spectra for the RGB–
GB matches and RC–RC matches are shown in the middle panel of
ig. 2 . These additional difference spectra are smaller compared to

he RC–RGB matched set, indicating that the difference in RC and
GB spectra is not caused by our matched pair selection. Instead,

ome of this difference must be due to their different evolutionary
tates. 

Despite selecting matched pairs that have similar stellar parame-
ers, there is still an e xpected o v erall non-zero difference in stellar
arameters between matched pairs. Table 1 shows the median and
ean difference in stellar parameters for all three matched sets.
his non-zero mean difference further implies that the distribution

n stellar parameter difference is non-uniform, as shown in Fig. 3 .
espite the non-zero and non-uniform distribution of the difference

n stellar parameters, it cannot fully account for the signal in the
C–RGB median difference spectrum that we see. The distribution,
edian difference, and mean difference in stellar parameters are

ery similar between the three matched sets. Therefore, we expect
he impact on the median difference spectrum to be similar. Ho we ver,
he RC–RGB matched median difference spectrum shows a larger
ignal than the RC–RC and RGB–RGB matched median difference
pectrum, implying that some of the RC–RGB median difference
pectrum is caused by evolutionary state parameters that are not
ncluded in our matched criteria. 

Furthermore, we use PYSME (Wehrhahn, Piskunov &
yabchikova 2023 ) to calculate synthetic spectra at 10 K apart, and

how that the median difference spectrum cannot be fully explained
y the non-zero δT eff reported in Table 1 . The PYSME difference
pectrum is shown in the middle panel of Fig. 2 . However, we
aution that spectral synthesis of the H α line in giant stars differs
rom the observed spectra by up to 20 per cent – a well known issue
Bergemann et al. 2016 ) – therefore, the flux difference that a 10 K
 eff perturbation creates could be different in reality. We further
xplore the impact of selection effects in the matched methodology
n the median difference spectrum in Appendix A . 

.3 Flux uncertainties 

he median difference spectrum is more significant than its standard
rror and uncertainty. The standard error of the median difference
pectra, std �f , is approximated by 

td �f = 

std ( δf 1 , . . . , δf n ) √ 

n 
. (5) 

he uncertainty of the median difference spectrum assuming a
aussian distribution, σ�f , is approximated by 

�f = 

( 

n ∑ 

i= 1 

1 

σ 2 
RGB ,i + σ 2 

RC ,i 

) − 1 
2 

, (6) 
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Figure 2. The top panel is the median spectrum for RGB stars with labelled atomic spectral features, to show the spectral features in this wavelength region. The 
middle panel shows the median difference spectra: RC–RGB stars (solid black), RGB–RGB stars (dashed blue), and RC–RC stars (dashed red). The standard 
error on the difference spectra (equation 5 ) is shown for all 3 difference spectra in the corresponding colours. In order to show the deviation of the RC–RGB 

median difference spectrum from zero, we plot a thin grey line at zero, and report the standard deviation for the H α wavelength region on the bottom right. The 
difference spectrum for a change of 10 K in T eff is calculated through PYSME and shown in dotted green. The bottom panel shows the difference spectra for all 
RC–RGB matched pairs, with a truncated colour bar. 
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Table 1. The median and mean difference in stellar parameters for the full crossmatched data set and the matched sets. These differences are of a similar 
magnitude, and so the impact of stellar parameter on the median difference spectra is similar between the matched sets. 

Full RC–RGB RGB–RGB RC–RC 

Parameter Units Median Mean Median Mean Median Mean Median Mean 

T eff K 87.04 101.31 10.87 7.17 12.12 7.23 7.96 4.89 
log ( g) / 10 −2 log ( cm s −2 ) −11 −4 . 7 −0 . 19 −0 . 75 −1 . 4 −1 . 4 0.32 −0 . 0047 
[ Fe / H] / 10 −2 dex 15 13 0.92 0.58 0.32 0.26 0.25 0.22 
[ Mg / Fe ] / 10 −3 dex −52 −53 −0 . 25 −0 . 35 −5 . 6 −3 . 1 0.38 0.94 

Figure 3. The correlation between RC stellar parameters and the stellar parameter dif ference, sho wn in the left panel of each subfigure; and the distribution 
of stellar parameter difference modelled using a kernel density estimator, shown in the right panel of each subfigure. Each subfigure shows a different stellar 
parameter: T eff and log ( g) in the top row, [ Fe / H] and [ Mg / Fe ] in the bottom row. All three matched sets are shown: RC −RGB (solid black), RGB −RGB 

(dashed blue), and RC–RC (dashed red). 
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here σRGB is the flux error of the RGB star and σRC is the flux error
f the RC star. See Appendix B for a deri v ation of equation ( 6 ). σ�f 

s smaller than std �f by a factor of 1.5 in the H α region; therefore,
e show the larger error, std �f , from equation ( 5 ) in the middle
anel of Fig. 2 as shaded regions for all three matched sets. Despite
he sub- per cent magnitude of the median difference spectrum, the
C −RGB median difference spectrum is significant when compared

o the uncertainty estimates. 

 RESU LTS  

he median difference spectrum for RC–RGB matched stars is non-
ero and larger than the flux error and control matched sets for
an y wav elengths within GALAH spectra. If additional parameters

f stellar evolutionary state not included in our criteria (i.e. mass) do
NRAS 540, 3919–3933 (2025) 
ot affect spectra, then we expect the median difference spectrum to
e zero, as the matched pairs were selected to have similar stellar
arameters. Therefore, the spectroscopic signature of evolutionary
tate is where the median difference spectrum is non-zero. We find
hat the RC −RGB matched median difference spectrum deviates
rom zero where C 2 and CN bands are located, and in the line-width
ear the inner wings of the H α and H β lines. 

.1 C 2 and CN 

e find that the spectroscopic signature of evolutionary state corre-
ates with C 2 and CN molecular band heads. Fig. 4 shows the Swan
ands in CCD1 and CN bands in CCD4 captured by GALAH. We
xtract a stellar line list at T eff = 4750 K, log ( g) = 2 . 5, microtur-
ulence v mic = 1 . 46 km s −1 from VALD3 (Ryabchikova et al. 2015 ),



Optical spectroscopic signatures of EV 3925 

Figure 4. The median difference spectrum is correlated with the Swan bands (left) and the CN bands (right). For each subfigure, the top panel shows the 
median RGB spectrum with labelled atomic spectral features, as a reference for the spectral features of this wav elength re gion. The bottom panel shows the 
median difference spectrum for RC–RGB stars (solid black); the uncertainty in the median difference spectrum given by equation ( 6 ) (shaded grey); RGB–RGB 

matched pairs (dashed blue) and RC–RC matched pairs (dashed red). C 2 and CN molecular lines are shown in both panels as orange shaded rectangles, where 
darker orange indicates o v erlapping C 2 and CN lines. The median difference spectrum for the mass constrained matched set is shown in the bottom panel (dotted 
green) of each subfigure and is discussed in Section 5 . 

Figure 5. The line-width of the H α (right) and H β (left) line is different between RC and RGB stars of similar stellar parameters. Labels follow Fig. 4 . The 
median difference spectrum for matched sets matched to agree in v mic and v sin ( i) respectively, in addition to T eff , log ( g), [ Fe / H], and [ Mg / Fe ], are shown in 
the bottom panel (dotted green lines) of each subfigure and are discussed in Section 5 . 
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nd show C 2 and CN molecular lines (Obbarius & Kock 1982 ; Lawler
t al. 2001 ; Pickering, Thorne & Perez 2001 ) with VALD3 central
epth parameter larger than 0.005 shaded in orange. The width of
he shaded region ( w) is indicative of the instrumental broadening 
f the molecular line, and is defined as w = λl /R, where λl is the
avelength of the molecular line, and R is the resolution of the

pectra. The median difference spectrum deviates from zero at the 
ame wavelengths as the C 2 and CN molecular band heads. The 
edian difference spectrum is ne gativ e, implying that the C 2 and
N features are stronger in RGB stars than RC stars. We note that
espite C 2 and CN molecular lines being present at many other 
avelengths, the correlation with the median difference spectrum is 
nly clear in the band heads. Band heads are where many lines from
he same molecular species are present; therefore, this correlation 
nly being clear in the band heads implies that every molecular line
arries a small bit of evolutionary state signal which only becomes 
isible when many of these lines are close in wavelength. 

.2 Line-width 

e see a difference in the line-width of the H α and H β lines in
he spectrum, shown in Fig. 5 . The median difference spectrum is
lose to zero in the core of the line, but ne gativ e in the wings of
he line, implying that lines in RC stars are broader than in RGB
tars. Whilst we only show H α and H β in Fig. 5 , the line-width
ifference can be seen from other lines in the spectrum. Ho we ver,
t becomes difficult to distinguish this difference in line-width when 
he lines are heavily blended. The H α median difference spectrum 

s visibly asymmetric, likely caused by both a difference in the line-
idth and two CN molecular lines situated in the red wing of the H α

ine at λ ≈ 6563 . 4 Å. Whilst the smaller ne gativ e median difference
pectrum in the blue wing of the H α line is caused only by a difference
n the line-width. 

.3 Formation depth 

he median difference spectrum does not appear to be driven by the
ormation depth. We define the formation depth per wavelength as the 
eometric depth at which the majority of photons for a wavelength 
riginate. We approximate the geometric depth using the optical 
epth ( τλ). Specifically, we calculate τ5000 where τλ = 1 for every
avelength using Korg (Wheeler et al. 2023 ), and adopt log 10 ( τ5000 )

s our proxy for formation depth. We compare the formation depth to
he median RGB spectrum and median difference spectrum in Fig. 6 .

e find that the formation depth is higher where the normalized flux
s closer to zero, e.g. at λ = 4736 . 8 Å, as expected. Ho we ver, we
o not see a correlation with the amplitude of the median difference
pectrum, indicating that the origin of the spectroscopic signal of 
MNRAS 540, 3919–3933 (2025) 
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Figure 6. The top panel shows the median RGB spectrum with labelled 
atomic spectral features coloured by formation depth. Where normalized flux 
is closer to 1, the formation depth is geometrically higher, and vice versa. The 
bottom panel shows the median difference spectrum coloured by formation 
depth. There is no correlation between the formation depth and the median 
difference spectrum. 
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Table 2. The predicted CNO abundance and C isotopic ratios for stellar 
evolution models representing the mean mass of RGB and RC stars in our 
RC–RGB matched pairs. We adopt stellar evolution models from Lagarde 
et al. ( 2012 ) at log ( g) = 2 . 5 and Solar metallicity (Z = 0 . 014), these models 
incorporate thermohaline instability and rotation-induced mixing. These 
values are linearly interpolated from grid models. 

Units RGB RC 

M M � 1.39 1 . 14 
A(C) dex 8.286 8 . 283 
A(N) dex 8.187 8 . 193 
A(O) dex 8.710 8 . 714 
12 C : 13 C – 95 : 5 89 : 11 
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1 https:// github.com/ alexji/ moog17scat
2 https:// github.com/ kolecki4/ PyKMOD 
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volutionary state is not related to the geometric height of the
tmosphere. 

 DISCUSSION  

e find spectroscopic signatures of evolutionary state in the C 2 and
N bands, and in the wings of the H α and H β lines. In this section,
e relate these results to physical parameters. 

.1 C 2 and CN 

or a pair of RGB and RC stars to have similar spectroscopic stellar
arameters, they must have different masses. We find that the average
ass of our RGB matched stars is 1 . 39 M � with standard deviation
 . 35 M �, while for our RC matched stars it is 1 . 14 M � with standard
eviation 0 . 33 M �. To further investigate the impact of mass on our
edian difference spectrum, we make an additional matched set,

sing the same matched criteria as previously, except with an extra
ass restriction of δM < 0 . 3 M �. The median difference spectrum

f this mass restricted matched set is shown in the bottom panel
f Fig. 4 . The amplitude of the mass restricted median difference
pectrum is smaller than the amplitude of the median difference
pectrum in the C 2 and CN bands, indicating that part of the
volutionary state signal in these regions is due to a difference 
n mass. 

The strength of the C 2 and CN lines depends on the molecu-
ar equilibrium and isotopic ratio of rele v ant species. The CNO
bundances in giant stars have been impacted by the first dredge
p, and RC CNO ab undances ha ve been further modified through
eep mixing. Similarly, C isotopic ratios are modified through both
he first dredge up and deep mixing. Furthermore, the amount
hat these abundances and isotopic ratios change by depends on

ass and metallicity. In Table 2 we report CNO abundances and
sotopic ratios at the average mass and log ( g) of our RGB and
C stars, predicted using stellar evolution models incorporating

hermohaline instability and rotation-induced mixing (Lagarde et al.
012 ). 
To investigate the impact of the first dredge up and deep mixing

n the median difference spectrum, we compute synthetic spectra
sing the 1D local thermodynamic equilibrium spectrum synthesis
NRAS 540, 3919–3933 (2025) 
ode MOOG (Sneden 1973 ). We adopt the average T eff , log ( g),
 Fe / H], and [ Mg / Fe ] of the RC–RGB matched set, along with
NO abundances and isotopic ratios from Lagarde et al. ( 2012 ) as

isted in Table 2 , and apply solar abundances for all other elements.
e run the 2017 version of MOOG 

1 with the PYMOOGI GUI
Adamow 2017 ) using ATLAS9 model atmospheres interpolated
sing PYKMOD 

2 and a line list generated by linemake (Placco
t al. 2021 ). This line list adopts C 2 data from Ram et al. ( 2014 ), CN
ata from Sneden et al. ( 2014 ) and CH data from Masseron et al.
 2014 ). We show two MOOG synthetic spectra in the top panel of
ig. 7 : RGB abundances and isotopic ratio, and RC abundances and

sotopic ratio. The difference between the MOOG RC spectrum and
GB spectrum then corresponds to our observed RC–RGB median
ifference spectrum and is shown in the bottom panel of Fig. 7 . In
oth the Swan and CN bands, the synthetic difference spectrum is
ositiv e, despite the observ ed ne gativ e median difference spectrum.
he magnitude of the MOOG difference spectrum is roughly the
ame as the observed median difference spectrum in the Swan band.
o we ver, in the CN band, the magnitude of the MOOG difference

pectrum is smaller compared to the observed median difference
pectrum. 

To determine whether the median difference spectrum depends on
he change in CNO abundances or C isotopic ratio, we compute two
dditional synthetic spectra with MOOG : RGB abundances with
C isotopic ratio, and RC abundances with RGB isotopic ratio.
he synthetic difference spectrum with RC abundances but different

sotopic ratios, and the difference spectrum with the RC isotopic ratio
 ut different ab undances, are shown in the bottom panel of Fig. 7 . In
oth wavelength regions, the MOOG RC–RGB difference spectrum
s approximately the sum of both the change in abundance and the
hange in isotopic ratio. In the Swan bands, the change in isotopic
atio is larger than the change in abundance; whilst in the CN bands
av elength re gion, the change in isotopic ratio is smaller than the

hange in abundance. 
We caution that these synthetic spectra were computed using

bundances from stellar evolution models (Lagarde et al. 2012 ),
nd do not match GALAH observations, which measure abundances
sing radiative transfer codes (Buder et al. 2025 ). Notably, the
ynthetic spectra differ from the observed spectra by up to 20 per cent
t many wavelengths, as shown in the top panel of Fig. 7 . The
ifference spectra could change; if the synthetic spectra are fitted
o the observed normalised flux instead. Ho we ver, synthetic spectra
re not accurate to the sub- per cent level, and will introduce model

https://github.com/alexji/moog17scat
https://github.com/kolecki4/PyKMOD
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Figure 7. The top panel shows the normalized flux for GALAH observed median RGB spectrum (black) with labelled atomic spectral features, MOOG synthetic 
spectrum calculated with RGB abundances and isotopic ratio (blue), and RC abundances and isotopic ratio (red) based on stellar evolution models (Lagarde et al. 
2012 ). Bottom panel shows difference spectra: observed RC–RGB matched pairs (black), MOOG synthetic RC–RGB using Lagarde et al. ( 2012 ) abundances 
and isotopic ratios (dashed green), MOOG synthetic different abundances same isotopic ratios (dotted dark green), and MOOG synthetic same abundances 
different isotopic ratios (dash dotted light green). 
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Figure 8. Temperature difference at different Rosseland optical depth 
for spherically symmetric stellar atmosphere models with M = 1 M �
compared to M = 2 M �. Model atmospheres from the MARCS grid 
(Gustafsson et al. 2008 ), located at T eff = 5000 K, log ( g) = 2, [ Fe / H] = 0, 
v mic = 1 km s −1 . 
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.2 Line-width 

ine-width is controlled by stellar rotation, v sin ( i), and velocity 
elds within the stellar atmosphere, which are approximated by v mac 

nd v mic within 1D model atmospheres. GALAH measures v mic and 
 sin ( i), where v sin ( i) represents the line broadening from both v mac 

nd stellar rotation. In order to determine the parameter driving the 
ine broadening observed, we make additional matched sets. The 
 sin ( i) constrained matched set incorporates an extra constraint 
f δ( v sin ( i)) < 0 . 8 km s −1 , whilst the v mic constrained matched set
ncorporates an extra constraint of δv mic < 0 . 07 km s −1 . We find that
he v mic constrained matched set has a median difference spectrum 

loser to zero whilst the v sin ( i) constrained matched set does not
shown in bottom panel of Fig. 5 ), implying that the difference in
ine-width we observe is due to v mic and not v sin ( i). Furthermore, the
edian difference spectrum is mostly ne gativ e for both H α and H β ,

nd the integrated median difference spectrum is: −0 . 23 Å, −0 . 12 Å,
0 . 08 Å, −0 . 05 Å, respectively for the 4 CCDs of HERMES. v sin ( i)

onserves the line strength whilst v mic does not, further implying 
hat the difference in line-width is caused by v mic and not v sin ( i). In
ddition, we find that v mic impro v es random forest classifier accuracy
see Appendix C ), whilst v sin ( i) does not. 

Our RGB matched stars have the same log ( g) but are more massive
han RC matched stars, as a result, these RGB matched stars must
lso have a larger radius. We incorporate an extra constraint of δR <

 . 6 R � and compute the median difference spectrum. We find that
he median difference spectrum for this radius restricted matched set 
s similar to the RC −RGB matched set, indicating that radius is not
he cause of the observed difference in line-width. 

v mic parametrizes small scale velocity motions in the stel- 
ar photosphere. We measure an average v mic = 1 . 42 km s −1 with
 . 00014 km s −1 standard error in the mean and σv mic = 0 . 11 km s −1 

n our RGB matched stars, and an average v mic = 1 . 49 km s −1 with
 . 00012 km s −1 standard error in the mean and σv mic = 0 . 098 km s −1 

n our RC matched stars. As previously discussed, our RC matched 
tars are lower mass than the corresponding RGB matched stars. 
phericity effects related to this mass difference cause the RC star’s

emperature to be lower by up to 13 K in the line forming regions,
s shown in Fig. 8 . This lower temperature could cause RC stars
o have weaker H α wings than RGB stars. Ho we ver, density and
hotospheric radius also change with mass, so the o v erall impact of
ass on line strength is unclear. Although 3D hydrodynamic model 

tmospheres simulate convection from first principles and do not use 
he v mic parameter, RC and RGB stars are modelled in the same way.
herefore, there is currently no know difference in the velocity field
f RC stars compared to RGB stars. It has been shown that changes
n CNO abundances can affect the atmospheric structure (Gallagher 
t al. 2017 ; Zhou et al. 2023 ), ho we ver, no detailed studies have been
onducted on the impact of CNO abundances on the velocity field in
D stellar atmospheres. 
The core of the H α and H β lines form in the chromosphere and

re linked to stellar activity and age, where younger stars are more
ctiv e. The av erage age of our RGB stars are 6.08 Gyr with standard
eviation 2.23 Gyr, and 6.38 Gyr with standard deviation 2.04 Gyr
or RC stars, estimated through isochrone fitting (see Buder et al.
025 for details). Whilst we do not expect the majority of our stars to
e active, there may be some younger RGB stars which have a more
ctive chromosphere; studies have shown that young stars appear to 
xhibit ele v ated v mic v alues (e.g. Baratella et al. 2020 ). Ho we ver, this
s the opposite of what we observe in our matched set. We note that
he majority of our matched RC stars are primary RC stars; using a
 M � cut-off (Girardi 1999 ), only 16 pairs contain a secondary RC
MNRAS 540, 3919–3933 (2025) 
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tar. Therefore, the differences that we see between RC and RGB
tars are mainly driven by primary RC stars. 

In addition to v mic , mass also impacts the median difference
pectrum in the red wing of the H α line. Bergemann et al. ( 2016 )
howed that the line-width of the H α line is broader for lower mass
tars. We find a similar result, where our RC stars have broader H α

nd H β lines along with lower mass compared to our RGB stars. This
ass dependence is likely due to the CN molecular lines present in

he red wing of the H α line, where the strength of the CN molecular
ines is related to mass (see Section 5.1 ). In particular, the median
ifference spectrum in the red wing goes closer to zero when mass
s restricted, reducing the asymmetry. 

 C O N C L U S I O N S  

n this work, we present a model-free analysis of optical spectro-
copic evolutionary state signals, and find sub-per cent amplitude
hanges at all wavelengths in the spectra caused by evolutionary
tate. Despite the small signal, we show that this is significant
ompared to control sets and uncertainty estimates. For RC and
GB stars at similar stellar parameters, we find stronger C 2 and
N features in RGB stars compared to RC stars, caused by a
ifference in stellar evolution and mass; and we find that the H α

nd H β lines are broader in RC stars than RGB stars, caused
y a difference in microturbulence, as measured by GALAH. We
nd that rotational velocity, radius, and formation depth do not

mpact spectroscopic evolutionary state signals. This analysis is
emonstrative of the utility of large surveys to undertake a data-
riven and model-independent population analysis, revealing the
ubtle differences between RC and RGB stars in the line forming
egions of the stellar atmosphere. Future studies classifying stellar
volutionary states for spectroscopic surv e ys can use these results to
nform which parameters and wavelengths contain evolutionary state
nformation. Given the small amplitudes of these residual differences,
nalysis of these in individual stars would require S/N > 200, at
esolution ≈ 28000. 

Whilst we identify some of the sub- per cent amplitude changes
nd link them to evolutionary state, there are still many wavelength
egions which we did not study. Future work could look at these other
avelengths and find additional parameters that these amplitude
ifferences depend on, and extend this model-free technique to
nfrared spectra where there are more carbon-related molecular
ines. 
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Figure A1. log ( g) vs counts for the crossmatched catalogue, where RGB 
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PPENDI X  A :  I M PAC T  O N  MEDI AN  

I FFERENCE  SPECTRUM  

he amplitude of the median difference spectrum is small but 
ignificant, as shown through comparison to controlled matched sets 
f RGB–RGB and RC–RC stars (see Section 3 ). Given the small
mplitude, minor changes in the RC–RGB matched set could cause 
isible changes in the median difference spectrum. In this section, 
e investigate the impact of RC–RGB matched set definition on the
edian difference spectrum. 

1 Duplicate RGB stars 

here are repeated RGB stars in the RC–RGB matched set. For
ach RC star, we find a corresponding RGB star; ho we ver, the RGB
tars are spread out in log ( g) whilst RC stars are concentrated at
og ( g) ≈ 2 . 5, as shown in Fig. A1 . As a result, the RGB matched
tars are not unique. 

We create a new matched set, where pairs containing a duplicate
GB star are remo v ed, resulting in 394 matched pairs. The median
ifference spectrum for this no duplicate matched set is shown in
ig. A2 . The median difference spectrum is similar between the RC–
GB matched set and the no duplicate matched set, indicating that

hese duplicate RGB stars do not impact the spectroscopic signal of
volutionary states. 

2 Stellar parameters 

here is a correlation between stellar parameter and stellar parameter 
if ference, as sho wn in Fig. 3 . We fit a linear line to the RC–RGB
atched set to show the gradient of this trend in Fig. A3 . To study

he impact of this correlation and distribution in stellar parameter 
ifference on the median difference spectrum, we create a new 

atched set per stellar parameter, where the stellar parameter 
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Figure A2. The median difference spectrum for the full RC–RGB matched set with duplicates (black solid) and a no duplicate matched set (green dashed). The 
difference between the median different spectra is minimal, indicating that duplicate RGB stars do not affect the median difference spectrum. 

Figure A3. The correlation between RC stellar parameters and the stellar parameter difference, where each panel shows a different stellar parameter. The full 
RC–RGB matched set is shown in black whilst the restricted matched sets are shown in different colours as well as panels: restricted T eff is shown in the top 
left (blue stars), restricted log ( g) is shown in the top right (orange stars), restricted [ Fe / H] is shown in the bottom left (green stars), and restricted [ Mg / Fe ] is 
shown in the bottom right (red stars). The solid line is a linear fit for each parameter and matched set, showing that the gradient in the restricted sets are reduced 
compared to the full set. 
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Table A1. The mean difference in stellar parameters for the full RC–RGB matched set and the restricted matched sets. The mean difference for the 
restricted matched set is reduced compared to the full RC–RGB matched set for the corresponding stellar parameter, whilst the other mean stellar parameter 
differences of the non-restricted stellar parameters remains at a similar magnitude, limiting its impact on the median difference spectrum. 

Parameter Units RC −RGB δT eff δ log ( g) δ[ Fe / H] δ[ Mg / Fe ] 

T eff K 7.17 1.79 6.56 4.87 7.25 
log ( g) / 10 −3 log ( cm s −2 ) −7 . 5 −8 0.59 −7 . 1 −7 . 9 
[ Fe / H] / 10 −3 dex 5.8 3.5 5.8 1.3 5.5 
[ Mg / Fe ] / 10 −4 dex −3 . 5 −1 . 3 −0 . 71 −3 . 3 −6 . 5 

Figure A4. The median difference spectra: RC–RGB (solid black), restricted δT eff (dashed blue), restricted δ log ( g) (dashed orange), restricted δ[ Fe / H] 
(dashed green), and restricted δ[ Mg / Fe ] (dashed red). The difference between the full RC–RGB median difference spectrum and the restricted median difference 
spectrum is minimal for the wavelength regions shown, where we show the same wavelength regions as in Section 4 . These are the same restricted matched sets 
as in Fig. A3 . 
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ifference restriction is smaller by a factor of 2 compared to the
C–RGB matched set. The correlation between stellar parameter 
nd stellar parameter difference of these new matched sets are shown 
n Fig. A3 . We fit a linear line to the new matched sets, showing
hat the gradient is reduced compared to the full RC–RGB matched 
et. The mean stellar parameter difference for the new matched sets
re reported in Table A1 , showing that our new matched sets have a
educed mean stellar parameter difference for the parameter that is 
ontrolled, whilst the mean difference between the other parameters 
o not change significantly. 
We show the median difference spectrum for each difference re- 

tricted set and the original RC–RGB matched set in Fig. A4 . Whilst
he median difference spectrum is closer to zero at some wavelengths 
e.g. the [ Fe / H] restricted matched set at 7875.9 Å), the impact of
owering the mean stellar parameter difference and correlation be- 
ween stellar parameter and stellar parameter difference is minimal. 
3 Misclassifications 

hilst we adopt asteroseismic classifications, they still could contain 
isclassifications. In order to study the effect of mislcassifications 

n our median difference spectrum, we create a new matched 
et with some misclassifications injected into the data. For this 
isclassified matched set, we take 10 per cent of our RC–RGB
atched pairs and find a new pair, except this time with the same

volutionary state. We set our misclassification percentage to 10 
er cent based on the random forest accuracy from Appendix C .
ig. A5 shows the median difference spectrum for this misclassi- 
ed matched set, which is similar to the RC–RGB matched set,

ndicating that misclassifications do not significantly affect our 
esults. 
MNRAS 540, 3919–3933 (2025) 
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M

Figure A5. The median difference spectrum for the RC −RGB matched set (black solid) and a set of matched stars with 10 per cent misclassifications (green 
dashed). The difference between the median different spectra is minimal, indicating that 10 per cent misclassified RGB stars do not affect the median difference 
spectrum. 
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PPENDIX  B:  U N C E RTA I N T Y  O F  DIFFERENCE  

PECTRUM  

ach spectrum of GALAH has flux error at every wavelength. We are
nterested in quantifying the error in the median difference spectrum
ue to this flux error. In the following, we derive equation ( 6 ). 
Let f i be the spectrum for the ith star, then for a total of n

tars, i ∈ 1 , . . . , n . We stack the spectra by taking the median:
 m 

= med ( f 1 , . . . , f n ). Assuming the spectra are independent, the
rrors can then be combined in terms of their S / N by summation in
uadrature: 

 S / N ]( f m 

) = 

√ √ √ √ 

n ∑ 

i= 1 

[ S / N ] 2 ( f i ) , (B1) 

Note that the flux error for spectrum f i is the inverse of the S / N, 

i = 

1 

[S / N]( f i ) 
. (B2) 

Then the error of the median spectrum is given by the combination
f equation ( B1 ) and ( B2 ): 

m 

= 

( 

n ∑ 

i= 1 

1 

σ 2 
i 

) − 1 
2 

. (B3) 

In this work, we take the median of the difference spectra, δf i =
 RC ,i − f RGB ,i . The error in the difference spectrum is given by the
dditivity of variance: 

2 
i = σ 2 

RC ,i + σ 2 
RGB ,i . (B4) 

herefore, by combining equation ( B3 ) and equation ( B4 ) we reach
quation ( 6 ). 
NRAS 540, 3919–3933 (2025) 
PPENDI X  C :  R A N D O M  FOREST  

n an effort to expand the number of stars with asteroseismic
lassifications, machine learning classification algorithms are often
mployed to transfer the evolutionary state label from asteroseismic
ata sets to spectroscopic data sets (Hawkins et al. 2018 ; Ting et al.
018 ; Casey et al. 2019 ; Lu et al. 2022 ). Random forests are often
mployed for this purpose due to their speed of training and high
ccuracy. In this appendix section, we apply random forests to our
rossmatched catalogue training on different combinations of both
tellar parameters and spectra, to identify which features contribute
o the evolutionary state classification. 

For these tests we, utilize our full crossmatched catalogue which
ontains a total of 5949 stars, where we adopt a 80–20 train-test cross
alidation split for evaluation of our random forest performance.
e use RandomForestClassifier from the SCIKIT-LEARN

ibrary (Pedregosa et al. 2011 ), and optimise hyperparameters using
ridSearchCV o v er hyperparameter ranges: 

(i) Criterion utilized: { gini , entropy } ; 
(ii) Max depth of a single tree:

 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 } ; 
(iii) Number of estimators of the forest:

 10 , 100 , 500 , 1000 , 5000 , 10000 , 20000 } ; 
(iv) Maximum samples utilized in training a single tree:

 0 . 3 , 0 . 5 , 0 . 7 , 0 . 9 } . 

We find that when training on stellar parameters it is difficult to
mpro v e the accuracy beyond 91 per cent, which is achieved through
raining on T eff , log ( g), [ Fe / H]; likely due to the low accuracy of
dditional features such as v mic , [C / N] on a star-by-star basis. When
earning solely on spectra, the random forest finds evolutionary state
nformation in every wavelength of spectra, indicating that there is
volutionary state information in spectra beyond just the C 2 and CN
olecular lines. 
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Table C1. Different combinations of features used to train the random forest 
and the accuracy achieved by the trained random forest. 

T eff log ( g) [ Fe / H] v sin ( i) [C / N] v mic Accuracy 

� 70 per cent 
� 81 per cent 

� � 85 per cent 
� � � 91 per cent 
� � � � 91 per cent 
� � � � 91 per cent 
� � � � 92 per cent 
� � � � � 92 per cent 
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1 Stellar parameters 

e train random forests on different combinations of stellar pa- 
ameters to classify the evolutionary state. The combination of 
tellar parameters trained on and the accuracy achieved are listed 
n Table C1 . The stellar parameters T eff , log ( g), and [ Fe / H] can
rovide a classification accuracy of 91 per cent for our crossmatched 
atalogue. Out of these three stellar parameters, log ( g) contains the 
ost information, with classification accuracy reaching 81 per cent 
hen trained on log ( g) alone. It may seem surprising that the

ccuracy when training on log ( g) alone is relatively high, but this is
xpected, as RC stars are concentrated at log ( g) = 2 . 5. The inclusion
f T eff and [ Fe / H] to classification using log ( g) both provide an
ncrease of ∼ 5 per cent in accuracy. Classifying on v mic and the 
tellar parameters provides an increase of 1 per cent to the accuracy,
hilst classifying on [C / N] or v sin ( i) offers no impro v ement to

lassification accuracy. This result is expected as, although we 
bserve v mic , [C / N], and v sin ( i) differences for the full population
f RC and RGB stars, the accuracy and precision for individual stars
re not enough to classify evolutionary state accurately on a star-by-
tar basis. In general, the accuracy improves as more features are 
The Author(s) 2025. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
sed to train the random forest. Ho we v er, this impro v ement reaches
 limit around 91 per cent, where it becomes difficult to impro v e the
ccuracy further. 

We find 78 per cent–94 per cent of incorrectly classified stars are
ommon between random forests trained on different combinations 
f features. That is, if a star is incorrectly classified through a
articular combination of features, it is also likely to be incorrectly
lassified through a different combination of features. Therefore, 
hese accuracy percentages are highly dependent on the data set. 
t is possible that these stars have an incorrect evolutionary state
abel from our asteroseismic catalogue; ho we ver, we do not see a
orrelation between incorrect classification by the random forest and 
he evolutionary state classification or �ν vetting. 

2 Stellar spectra 

here is evolutionary state information in ev ery wav elength in
pectra. We trained two hyperparameter optimized random forests 
n the Swan bands. One random forest used ∼ 350 wavelengths 
ith C 2 molecular features, whilst the other random forest used 
350 wavelengths without C 2 molecular features. Both random 

orests achieved an accuracy of ∼ 84 per cent , indicating that there 
s evolutionary state information outside of the C 2 molecular features. 
n Sections 4 and 5 , we find that RC stars have broader H α and H β

han RGB stars, linked to the v mic parameter. Line-width information 
s present at ev ery wav elength, therefore, it is possible that the random
orest is classifying based on differences in line-width present in 
very line in the spectrum. Despite these results, identifying the exact
eatures that the random forest uses to make its predictions requires
urther careful study due to the interpretability issues associated with 
arge random forest models (Haddouchi & Berrado 2019 ). 
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