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ABSTRACT

Mass loss on the red giant branch (RGB) influences stellar evolution, properties of stellar populations,

and Galactic chemical enrichment, yet remains poorly constrained observationally. Current models

provide limited insight into how stellar properties, particularly how metallicity and mass, affects RGB

mass loss. Here, I introduce a new observational approach that uses the age–velocity-dispersion relation

and the lower-mass boundary of red giants as precise evolutionary markers. These markers, informed

by Galactic evolution, allow us to construct observational isochrones for field stars. By comparing

masses of RGB stars and red clump (RC) stars at the same age, I derive empirical measurements of

integrated RGB mass loss at several points in age and metallicity. Combining these new observational

measurements with open-cluster studies, I showed that the integrated mass loss on the RGB decreases

with metallicity, and may also decrease with stellar mass. The average mass loss rate, which accounts

for RGB lifetimes and the initial mass differences between RGB and RC stars at the same age, also

show a similar trend. These findings challenge current mass-loss prescriptions widely adopted in stellar

evolutionary models, since none of them is able to produce the observed mass-loss trend without widely

adjusting free parameters. This highlights an urgent need to revise mechanisms that govern RGB mass

loss.
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1. INTRODUCTION

Mass loss during the red giant branch (RGB) phase

is a critical but still poorly understood aspect of stellar

evolution (M. Catelan 2009). Low- and intermediate-

mass stars (M ≤ 2 M⊙) typically lose up to 0.2 M⊙ by

the time they reach the RGB tip (M. H. Pinsonneault

et al. 2025). This process has broad implications on

inferred stellar ages for red clump (RC) stars (L. Gi-

rardi 2016), horizontal branch morphologies in globu-

lar clusters (A. V. Sweigart 1997; M. Catelan 2000),

and pulsation properties of RR Lyrae stars (V. Caloi

& F. D’Antona 2008; L. Molnár et al. 2024). Mass loss

also alters planetary system demographics and dynam-

ics around evolved stars (D. Veras et al. 2013; E. Villaver

et al. 2014). In close binaries, it shapes binary interac-

tions at the RGB tip, affecting the formation of extreme

horizontal-branch hot subdwarf-B stars (Z. Han et al.

2003).

Email: yaguangl@hawaii.edu

Integrated RGB mass loss has traditionally been in-

ferred by comparing the mean mass of RGB and RC

stars in the same stellar cluster, where they share the

same age. This approach was most commonly applied

in globular clusters through isochrone fitting to color-

magnitude diagrams. It suggests a median mass loss

of 0.2 M⊙, which also increase with metallicity (I. Mc-

Donald & A. A. Zijlstra 2015; M. Tailo et al. 2021).

Independent mass measurements from asteroseismology

confirmed these estimates (M. Howell et al. 2022, 2024,

2025). Similar conclusions arise from comparisons of

field RGB and RC stars with α-rich abundances. These

stars originate from the thick disc, and are assumed to

have similar ages (A. Miglio et al. 2021; K. Brogaard

et al. 2024). In contrast, open clusters at near solar-

metallicity such as NGC 6791, NGC 6819, and M67 show

significantly lower mass loss, typically below 0.1 M⊙
(A. Miglio et al. 2012; R. Handberg et al. 2017; D. Stello

et al. 2016; C. Reyes et al. 2025), which are inconsistent

with the metallicity trend observed in globular clusters.

Spectroscopic observations offer more direct diagnos-

tics of RGB winds that drive mass loss. Features such
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as Hα, Ca II K, and He I lines often exhibit asym-

metries or blue-shifted absorption, indicating chromo-

spheric outflows (C. Cacciari et al. 2004; G. H. Smith

et al. 2004; S. Mészáros et al. 2009). In luminous giants

within globular clusters, wind velocities of tens to over

100 km/s have been detected, corresponding to mass-

loss rates ranging from 10−9 to 10−7M⊙/yr that peak

near the RGB tip (A. K. Dupree et al. 2009). Infrared

observations can trace dust production, but enhanced

dust emission is typically associated with asymptotic gi-

ant branch (AGB) stars rather than RGB stars, as seen

in clusters such as 47 Tuc and ω Centauri (I. McDonald

et al. 2011; M. L. Boyer et al. 2010). Dust emission also

correlates with semi-regular pulsations, while RGB stars

rarely show such features (J. Yu et al. 2021).

Unlike the AGB mass loss — where pulsation-driven,

dust-enhanced winds are established to be responsible

— RGB mass-loss mechanisms remain elusive, thus the

descriptions are largely empirical. Reimers’ law, for ex-

ample, derives mass-loss rate by assuming a fixed frac-

tion of stellar luminosity provides the lost gravitational

potential (D. Reimers 1975). While widely adopted, this

relation does not directly describe the underlying phys-

ical processes responsible for the mass loss. Mass loss

mechanisms generally include pulsation-driven winds,

radiation pressure on dust and molecules, magnetic ac-

tivity or Alfvén-wave driven winds, and binary-induced

mass loss. Some prescriptions for the RGB incorporate

Alfvén-wave physics (K. P. Schröder & M. Cuntz 2005;

S. R. Cranmer & S. H. Saar 2011), but these have not

been extensively tested in solar-metallicity or thin-disc

populations due to a lack of identification for stars of

same age. Studying a group of RGB and RC stars at the

same age is necessary to characterize integrated RGB

mass loss and, so far, such measurements have only been

possible for the open clusters observed by Kepler .

In this study, I intend to address this critical gap by

proposing new tools to identify field stars that are at

the same age, which is informed by Galactic evolution.

These tools include the age–velocity-dispersion relation

(§2) and the lower mass boundary of red giants (§3).
These methods offer extra constraints on RGB mass

loss compared to current open cluster constraints (§4).
When combined, they yield clear evidence that the inte-

grated mass loss depends on metallicity and mass (§5).
In addition, I estimate the average mass-loss rates with

stellar models (§6). Based on these constraints, I test

common mass-loss prescriptions (§7), discuss the impli-

cation for RGB mass-loss mechanisms and finally pro-

vide conclusions and outlook (§8).
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Figure 1. Vertical velocity vz vs. stellar mass for Kepler red
giants in the thin disc characterized by α-poor abundances.
The top panel shows RGB and the bottom panel shows RC.
The thick lines are standard deviations of vz in respective
mass bins.
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Figure 2. Classification of thick and thin disc stars based on
the criterion adopted by M. H. Pinsonneault et al. (2025).
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Figure 3. Kinematic age vs. stellar mass for Kepler red giants in the thin (α-poor) disc. The black solid lines show the linear
fit to the values for RGB and RC stars, respectively.

2. AGE-VELOCITY-DISPERSION RELATION

(AVR)

2.1. Principle

It has been established that older stars in the

Galaxy generally exhibit larger velocity dispersions,

while younger stars display smaller dispersions, as a

result from dynamical heating over time. This kine-

matic velocity trend with stellar ages are known as age-

velocity-dispersion relation (AVR) (G. Strömberg 1946;

R. Wielen 1977; see also J. Bland-Hawthorn & O. Ger-

hard 2016 for a review).

Figure 1 illustrates this relationship by showing the

vertical velocity vz (adopting a cylindrical coordinate

system) as a function of stellar mass for RGB and RC

stars observed by Kepler (see §2.2 for details on the

sample selection). For illustration purposes, the stan-

dard deviations in separate mass bins are also shown.

To first order — without accounting for additional de-

pendencies on metallicity or spatial position — we can

already observe that velocity dispersion increases with

decreasing stellar mass (J. Yu & C. Liu 2018; F. Anders

et al. 2023), which acts as a proxy for stellar age among

red giants (Y. Wu et al. 2018; J. Schonhut-Stasik et al.

2024). Additionally, at fixed mass, RC stars exhibit a

smaller dispersion than RGB stars. This suggests that

these RC stars are younger, consistent with their having

higher initial masses, which were then reduced along the

RGB.

In practice, we adopt the prescription proposed by

S. Sharma et al. (2021). In this framework, the vertical

velocity vz follows a normal distribution with zero mean

and standard deviation σvz , expressed as

vz ∼ N (0, σvz ). (1)

The dispersion σvz
is expressed as a function of stellar

age (τ), vertical angular momentum (Lz), metallicity

([Fe/H]), and vertical coordinate (z):

σvz = σ0,vzfτfLzf[Fe/H]fz, (2)

where

fτ =

(
τ/Gyr + 0.1

10 + 0.1

)βvz

, (3)

fLz
=

αL,vz (Lz/Lz,⊙)
2 + exp [−(Lz − Lz,⊙)/λL,vz ]

1 + αL,vz

,

(4)

f[Fe/H] = 1 + γ[Fe/H],vz [Fe/H], (5)

and

fz = 1 + γz,vz
|z|. (6)

Here, the solar vertical angular momentum is fixed

at Lz,⊙ = 1935.36 kpc km s−1 (M. J. Reid 1993;

M. J. Reid & A. Brunthaler 2004). S. Sharma et al.

(2021) fitted this relation using field stars with well-

determined ages, including main-sequence turn-off stars,

and thereby obtained the following values of the free pa-

rameters: σ0,vz = 21.1±0.2 km s−1, βvz = 0.441±0.007,

λL,vz
= 1130 ± 40 kpc km s−1, αL,vz

= 0.58 ± 0.04,

γ[Fe/H],vz = −0.52 ± 0.01 km s−1 dex−1, and γz,vz =

0.20 ± 0.01 km s−1 kpc−1 (see Table 2 of S. Sharma

et al. 2021).

Furthermore, by defining a variable T as

T := vz/(σ0,vzfLzf[Fe/H]fz), (7)

we can obtain

T ∼ N (0, fτ ), (8)

using Equations 1–2. Assuming the mass loss process

is either non-episodic or, if episodic, its effect can be

averaged over evolutionary timescales, stellar age can

be uniquely determined by mass, metallicity, and evolu-

tionary stage. Based on this assumption, RGB and RC

stars can be grouped into bins of metallicity and mass.

In each bin, the standard deviation of T corresponds to

fτ and thus permits the estimation of kinematic stellar

age using Equation 3.
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2.2. Data and Results

The analysis in this paper is based on a sample of Ke-

pler red giants from the APOKASC-3 catalog (M. H.

Pinsonneault et al. 2025), which provides precise mea-

surements of stellar masses, chemical abundances (in-

cluding [M/H], [α/M], and [Fe/H]), and evolutionary

stages (RGB or RC). Stellar masses are derived from

asteroseismic scaling relations.

I restricted the sample to thin-disc stars because the

thick disc spans a narrower age range, limiting the appli-

cability of the AVR. Thin-disc stars were selected based

on their [α/M] and [M/H] abundances using the criterion

adopted by M. H. Pinsonneault et al. (2025). Figure 2

shows the classification based on this criterion.

Spatial coordinates and velocities were calculated us-

ing the galpy package (J. Bovy 2015), based on Gaia

DR3 radial velocities, proper motions, right ascension,

declination, and distances (Gaia Collaboration et al.

2023).

Following the approach described in Section §2.1, I

estimated kinematic ages for groups of stars defined by

narrow bins in mass, metallicity, and evolutionary stage

(RGB or RC). RGB and RC stars were grouped into

overlapping bins of metallicity and mass to accommo-

date the limited sample size. Each mass bin has a width

of 0.24 M⊙ and a step size of 0.05 M⊙, while each metal-

licity bin has a width of 0.26 dex and a step size of

0.26 dex. As a result, the mass bins overlap, whereas

the metallicity bins are independent.

Figure 3 shows the relationship between kinematic age

and stellar mass. A clear correlation is observed, with

RC stars exhibiting lower masses than RGB stars at a

given age — consistent with expectations of mass loss

at the RGB tip. The mass difference,

∆M = MRGB −MRC, (9)

provides an estimate of the integrated mass loss in a

population of equal age. A clear trend emerges across

metallicity bins: ∆M decreases with increasing metal-

licity. This metallicity dependence is discussed further

in §5.
To determine ∆M , I performed linear regressions to

the age-mass relations shown in Figure 3 for RGB and

RC stars separately. The regression was optimized using

the following likelihood function:

ln p =
1

2

∑
i

(di −mi)
2, (10)

where di represents the observed ages, and mi denotes

the modeled age derived from a linear function with

mass, for the i-th data point. The mass difference be-

tween the RGB and RC relations was calculated at a

Table 1. Integrated mass loss on the RGB, calculated
from the difference between the mean masses of RGB
and RC stars in populations of equal age.

Methods ∆M (M⊙) Mass (M⊙) [M/H] (dex)

AVR 0.06 ± 0.02 1.18 -0.30

AVR 0.06 ± 0.02 1.20 -0.04

AVR 0.00 ± 0.02 1.27 0.22

LMB α-rich 0.22 ± 0.02 0.99 -0.70

LMB α-rich 0.14 ± 0.01 0.99 -0.50

LMB α-rich 0.11 ± 0.01 1.04 -0.30

LMB α-rich 0.08 ± 0.02 1.07 -0.10

LMB α-rich 0.06 ± 0.02 1.11 0.10

LMB α-poor 0.05 ± 0.03 1.14 -0.36

LMB α-poor 0.09 ± 0.02 1.22 -0.18

LMB α-poor 0.06 ± 0.02 1.17 0.00

LMB α-poor 0.08 ± 0.02 1.24 0.18

LMB α-poor 0.01 ± 0.03 1.22 0.36

NGC 6791 0.02 ± 0.02 1.13 0.29

NGC 6819 -0.02 ± 0.02 1.54 0.05

M67 0.00 ± 0.04 1.39 0.02

Note—(1) AVR stands for age-velocity-dispersion relation
and LMB stands for lower mass boundary. (2) The values
for M67 are adopted from C. Reyes et al. (2025); other
values are from this work. (3) Mass refer to the mass at
the lower RGB.

fixed age of 7.5 Gyr. This age choice is not critical be-

cause the mass difference remains constant across ages

due to the overlap of the mass bins. The uncertainties

were estimated using a bootstrap method. Specifically,

input measurements were randomly perturbed within

their reported uncertainties, and the analysis was re-

peated over 500 trials. The standard deviation of the

resulting ∆M estimates was adopted as the uncertainty.

The final values are presented in Table 1, in rows labeled

AVR.

3. LOWER-MASS BOUNDARY

3.1. Principle

Red giants span a broad mass range, but there is typ-

ically a lower-mass boundary, below which few are ob-

served. This is because a star must have sufficient mass

to evolve off the main sequence within the age of the

Galaxy. For a given stellar population (e.g. a Galactic

disc with a specified metallicity range), this lower mass

boundary effectively marks a fixed age, corresponding

to the onset of the formation of that population.

K. Brogaard et al. (2024) applied a similar method

to thick disc stars, using the mean mass rather than

the lower mass boundary. This can be considered as
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Figure 4. Mass-radius diagrams for Kepler red giants in both
the thick (α-rich) and thin (α-poor) discs, color-coded by
metallicity.

a valid approach given the approximate single-age (or,

equivalently, single-mass) nature of the thick disc stars.

For example, A. Miglio et al. (2021) reported a mean

age of approximately 11 Gyr with a dispersion of about 1

Gyr for thick disc stars. See also C. Marasco et al. (2025)

for a related application to metal-poor stars. They also

estimated the integrated mass loss ∆M by comparing

the mean masses of RGB and RC stars.

In more general cases — particularly in the thin disc

— assuming a single-age population is not valid. There-

fore, focusing on the lower mass boundary, rather than

on the mean mass, provides a more robust measure in

such populations.

Figure 4 presents the mass-radius diagrams for Kepler

red giants in the thick and thin discs. The curved hor-

izontal feature comprises RC stars, which are restricted

to a limited range of radii. The RGB stars cover a much

wider range of radii. We see a distinct, sharp left bound-

ary near 1 M⊙, particularly for the lower-RGB stars. Its
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Figure 5. Mass distributions of the thick disc (α-rich se-
quence) red giants, separated into metallicity bins. The dis-
tributions for RGB and RC stars are shown in different col-
ors, each fitted using the parameterized function defined in
Equation 11. The inset shows the corresponding mass-radius
diagrams.
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Figure 6. Mass distributions of the thin disc (α-poor se-
quence) red giants, separated into metallicity bins. The dis-
tributions for RGB and RC stars are shown in different col-
ors, each fitted using the parameterized function defined in
Equation 11. The inset shows the corresponding mass-radius
diagrams.

position shifts with metallicity in a way that reflects the

Galaxy’s chemical enrichment history. The left bound-

ary for RC stars is markedly lower than that for RGB

stars, as a result of their having experienced mass loss.

Additionally, in the thin disc the lower-mass bound-

ary of RC stars is somewhat less sharp. It includes

a group of sporadic, very low-mass outliers down to

0.5 M⊙. These are likely the result of enhanced mass

loss due to binary interactions, as stellar envelopes are

more likely to fill their Roche lobes near the tip of the

RGB (Y. Li et al. 2022; M. Matteuzzi et al. 2023). While

these outliers are of separate interest, our analysis fo-

cuses on the main, dense population that presumably

evolved through single-star processes.

3.2. Method and Results

I used the same Kepler red giant sample introduced

in §2.2 and analyzed the thin and thick disc stars sepa-

rately. Figures 5 and 6 show the corresponding mass

distributions for the RC and RGB populations, sub-

divided into metallicity bins. These distributions rise

steeply with mass to a peak, followed by a more gradual

decline.

To model these distributions quantitatively, I fitted

a parameterized function, N(M ;H,M0, σM ,Γ), to the

stellar mass number counts. The left side of the dis-

tribution is described by a half-Gaussian profile, which

approximates a convolved Dirac-δ function, while the

right side follows a Lorentzian profile to capture the

extended tail associated with the initial mass function.

The adopted functional form is

N(M) =


H exp

[
−(M −M0)

2/(2σ2
M )

]
, M ≤ M0;

H

1 + (M −M0)2/Γ2
,M > M0.

(11)
The parameter M0 is interpreted as the lower mass

boundary. Poisson statistics were assumed for the num-

ber counts in each bin, resulting in the following likeli-

hood function:

ln p =
∑
mi ̸=0

[di lnmi −mi − ln(di!)] , (12)

where di and mi are the observed and model-predicted

counts in the i-th bin. Uncertainties in the fitted pa-

rameters are derived from the sampling of this likelihood

distribution.

Figures 5 and 6 show the best-fitting functions based

on Equation 11. The difference in M0 between the RGB

and RC populations provides an estimate of the inte-

grated mass loss ∆M , corresponding to the oldest stars

within each metallicity bin. In some cases, the mass dis-
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tributions exhibit slight deviations from a single Gaus-

sian peak, likely due to random fluctuations caused by

the small bin size. To evaluate its effect, I varied the bin

size and found statistically consistent values for ∆M .

These estimates are given in Table 1 in rows labeled

LMB (lower-mass boundary).

4. OPEN CLUSTERS

Open clusters provide an ideal environment for study-

ing stellar mass loss, because their members share a uni-

form age and initial chemical composition. Several open

clusters observed by Kepler and K2 have yielded pre-

cise asteroseismic mass measurements, with NGC 6791,

NGC 6819, and M67 being among the most extensively

studied.

Using the APOKASC-3 catalog, I cross-matched stars

in NGC 6791 and NGC 6819 based on the membership

from I. L. Colman et al. (2022). The integrated mass

loss, ∆M , was directly estimated from the difference

between the mean masses of RC and RGB stars within

each cluster. For NGC 6791, I derived an integrated

mass loss of ∆M = 0.02 ± 0.02 M⊙ at an RGB mass

of M = 1.13 M⊙. For comparison, A. Miglio et al.

(2012) reported a broader range of ∆M values (0.02–

0.19 M⊙), reflecting differences in the adopted scaling

relations and reference mass scales. Their estimates

were derived based on various combinations of luminos-

ity, ∆ν, νmax, and Teff, each introducing potential sys-

tematic uncertainties from the scaling relations or the

reference parameters. The APOKASC-3 catalog reduces

such inconsistencies by providing a uniformly calibrated

dataset anchored to the Gaia radius scale.

For NGC 6819, I found negligible mass loss, ∆M =

−0.02± 0.02 M⊙, at M = 1.54 M⊙. This result is con-

sistent with R. Handberg et al. (2017), who reported

∆M = −0.03± 0.01 M⊙.

M67 was observed only with K2 and is not included

in APOKASC-3. For this cluster, I adopted the mea-

surements from C. Reyes et al. (2025), who reported

∆M = 0.031± 0.052 M⊙ (see also D. Stello et al. 2016),

consistent with little or no measurable mass loss. The

values for open clusters are also given in Table 1.

5. INTEGRATED RGB MASS LOSS

5.1. Trends with Metallicity and Mass

The main results are presented in Table 1, which lists

the integrated mass loss, ∆M , derived from the mass dif-

ference between RGB and RC stars at fixed age. Age es-

timates were based by the age–velocity relation (AVR),

lower-mass boundary (LMB), or open cluster data dis-

cussed in §2–4.

The top panel of Figure 7 presents ∆M as a function

of metallicity and initial stellar mass. A clear trend is

evident: ∆M decreases with increasing metallicity. A

linear fit to the data yields

∆M/M⊙ = (−0.18±0.01)×[M/H]+(0.06±0.01). (13)

There is also an indication that higher initial masses

are associated with smaller ∆M , a trend supported by

the two open clusters M67 and NGC 6819. However,

additional data are needed to confirm this mass depen-

dence. This metallicity trend agrees with the findings

of K. Brogaard et al. (2024), who focused exclusively on

α-rich stars.

The metallicity-dependent mass-loss trend obtained

from different methods or stellar populations generally

shows good agreement. However, at [M/H]≈ −0.4, the

values of ∆M estimated by the lower-mass boundary

differ by ≈ 2σ between α-rich and α-poor populations.

This discrepancy may result from the less well-defined

selection function of the Kepler sample (S. Sharma et al.

2016), which particularly affects α-poor thin disc stars,

making modeling with a Lorentzian tail less accurate.

Future studies using samples with better-defined selec-

tion criteria, such as those from K2 and TESS, can help

address this issue.

5.2. Comparisons with Globular Clusters

The field star and open cluster samples used in this

work have metallicities above 0.8 dex. The results indi-

cate that mass loss in the near-solar metallicity regime is

modest, remaining below 10% of the initial stellar mass.

How do these ∆M measurements compare to those

for much older, more metal-poor globular clusters? The

bottom panel of Figure 7 presents ∆M measured for

globular clusters by M. Tailo et al. (2020), derived from

the mass difference between the RGB tip and the hori-

zontal branch (HB) using color-magnitude diagram mor-

phology. It also includes ∆M values from M. How-

ell et al. (2022, 2024, 2025), calculated by comparing

masses between the lower RGB and either HB stars or

early-asymptotic-giant-branch (eAGB) stars.

In these metal-poor globular clusters, RGB mass loss

ranges from 0 to 0.3 M⊙. Its relationship with metal-

licity shows a positive correlation (R. G. Gratton et al.

2010; L. Origlia et al. 2014; M. Tailo et al. 2020; M. How-

ell et al. 2025), contrasting with the negative correlation

observed in the near-solar metallicity sample (K. Bro-

gaard et al. 2024).

However, these comparisons are not entirely straight-

forward. Globular clusters represent a much older pop-

ulation, and in some cases, the measured mass corre-

sponds to AGB stars rather than stars at the onset of he-

lium burning, which may lead to a slight overestimation



8

−0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4
Metallicity [M/H] (dex)

−0.05

0.00

0.05

0.10

0.15

0.20

0.25

In
te

gr
at

ed
M

as
s

Lo
ss
∆

M
=

M
RG

B
−

M
RC

(M
�)

NGC 6791

NGC 6819

M67

∆M/M� = (−0.18± 0.01)× [M/H] + (0.06± 0.01)

Age-velocity-dispersion Relation
Lower-mass Boundary (high-α)

Lower-mass Boundary (low-α)
Open Clusters

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

In
it

ia
lm

as
s

(M
�)

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5
Metallicity [M/H] (dex)

0.0

0.1

0.2

0.3

0.4

In
te

gr
at

ed
M

as
s

Lo
ss
∆

M
(M
�)

NGC 6791

NGC 6819
M67

M4

M80(SP1)

M80(SP2)

M9

M19(SP2)

Age-velocity-dispersion Relation
Lower-mass Boundary (α-rich)

Lower-mass Boundary (α-poor)

Open Clusters
Globular Clusters (CMD)

Globular Clusters (seismology)

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

In
it

ia
lm

as
s

(M
�)

Figure 7. Top panel: integrated mass loss on the RGB obtained in this work, ∆M , as a function of metallicity, color-coded by
initial mass. A linear fit with a 1-σ confidence region is shown. Bottom panel: same as the top panel, but including results from
globular clusters (M. Tailo et al. 2020; M. Howell et al. 2022, 2024, 2025).

of ∆M . Furthermore, variations in individual chemical

abundances beyond the bulk [M/H] likely affect mass

loss, as different subpopulations within these clusters

exhibit varying mass-loss amounts (M. Tailo et al. 2020;

M. Howell et al. 2025).

Despite these caveats, if the results are considered

comparable, the non-monotonic trend of ∆M with

[M/H] suggests that multiple mass-loss mechanisms may

operate on the RGB. One may dominate in metal-

poor environments, while another prevails at near-solar

metallicities.

5.3. Accuracy of Asteroseismic Scaling Relations

The ∆M–[M/H] trend obtained in Figure 7 depends

critically on the accuracy of stellar mass estimates,
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Figure 8. Differential comparisons between asteroseismic and
Gaia radii for RGB and RC stars. The variations are smaller
than 5%, as indicated by the horizontal solid lines, which
represents the level required to explain the ∆M -[M/H] trend
observed in Figure 7.

which were derived from asteroseismic scaling relations

by M. H. Pinsonneault et al. (2025). Here, I investigate

whether this trend could result from systematic biases

in the mass scale rather than reflecting a physical effect.

The scaling relations rely on two key expressions:

νmax ∝ fνmax
gT

−1/2
eff , and ∆ν ∝ f∆ν

√
ρ, where g is sur-

face gravity, ρ is stellar mean density, and fνmax
and f∆ν

are correction factors that are close to unity (R. K. Ul-

rich 1986; T. M. Brown et al. 1991; H. Kjeldsen & T. R.

Bedding 1995; S. Sharma et al. 2016). These expressions

lead to mass and radius estimates through:

Mseis

M⊙
=

(
νmax

fνmaxνmax,⊙

)3 (
∆ν

f∆ν∆ν⊙

)−4 (
Teff

Teff,⊙

)3/2

,

(14)

and

Rseis

R⊙
=

(
νmax

fνmax
νmax,⊙

)(
∆ν

f∆ν∆ν⊙

)−2 (
Teff

Teff,⊙

)1/2

.

(15)

A metallicity-dependent bias in Equation 14 could,

in principle, produce the observed trend in ∆M . Two

conditions must be satisfied for this to hold:

1. The scaling relation must yield different mass bi-

ases between the two evolutionary phases (RGB

vs. RC).

2. The mass error, defined as δ(∆M) = δMRGB −
δMRC, must decrease by about 0.1 M⊙ across the

[M/H] range from −0.4 to 0.4dex for α-poor stars.

This corresponds to a 10% fractional error for a

1M⊙ star. A similar 10% decrease is needed for

α-rich stars from [M/H] = −0.8 to −0.4 dex.

To evaluate the origins of possible errors, let us con-

sider νmax and ∆ν separately. The quantity νmax is gov-

erned by surface processes related to mode excitation

and damping operated in the stellar atmosphere. As a

surface-driven quantity, there is limited justification for

a dependence of the νmax relation on evolutionary phase.

The ∆ν scaling relation, however, depends on both

evolutionary phase and metallicity, because it is tied to

the overall structure of the acoustic cavity. Deviations

from this relation are corrected using f∆ν , a theoretically

derived factor, but it could be subject to uncertainties

in stellar models. From Equations 14 and 15, fractional

mass and radius errors relate to fractional f∆ν errors as

δM/M = 4δf∆ν/f∆ν and δR/R = 2δf∆ν/f∆ν , respec-

tively, with each relation applying separately to RGB

and RC stars. Therefore, a 10% shift in δ(∆M)/M im-

plies a 5% shift in δ(∆R)/R.

Because Gaia provides independent radius mea-

surements, δ(∆R)/R can be estimated by (Rseis −
RGaia)/RGaia, permitting a test of this hypothesis. I

used RGaia values from the APOKASC-3 catalog, and

computed the difference in this quantity between RGB

and RC stars across metallicity bins, as shown in Fig-

ure 8. The observed differences are at most 1%, well

below the 5% required threshold, thereby ruling out this

explanation. This conclusion assumes that the accuracy

of the ∆ν scaling relation is the sole factor contribut-

ing to the RGB-RC differences. I tested two other mass

scales using different f∆ν corrections reported by M. H.

Pinsonneault et al. (2025). Both tests produced values

consistent with those shown in Figure 8.

Moreover, while asteroseismic scaling relations show

signs of breakdown in very metal-poor regimes (W. J.

Chaplin et al. 2020; D. Huber et al. 2024; J. R. Larsen
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et al. 2025), extensive testing near solar metallicity does

not support such deviations (K. Brogaard et al. 2018;

J. C. Zinn et al. 2019; Y. Li et al. 2021).

6. AVERAGE MASS-LOSS RATES

6.1. Stellar Models

The integrated mass loss ∆M represents the total

mass lost over the RGB phase, and depends on both

the mass-loss rate and the RGB lifetime, τRGB. Addi-

tionally, because RC stars are more evolved, their ini-

tial masses are slightly higher than those of RGB stars,

which is a limitation when selecting samples of equal

age. Correcting for this latter requires knowledge of the

age–mass gradient, dτ/dM . Further, if the mass-loss

rate varies significantly along the RGB — for example,

if it increases steeply with luminosity — then the maxi-

mum RGB luminosity, LRGB,max, should be used to con-

sider possible implications.

I used stellar models to estimate the RGB life-

time (τRGB), the age–mass gradient (dτ/dM), and the

maximum RGB luminosity (LRGB,max). I used three

commonly-used sets of stellar evolutionary tracks: MIST

(rotation version; J. Choi et al. 2016), PARSEC (v1.2;

Y. Chen et al. 2015), and YONSEI-YALE (YY; S. Yi

et al. 2001; Y.-C. Kim et al. 2002; S. K. Yi et al. 2003;

P. Demarque et al. 2004). These models cover metallic-

ities from [M/H] = −1.0 to 0.5 and masses from 0.8 to

1.6 M⊙. Using multiple models permits assessment of

the robustness of any conclusions, given there are still

uncertainties in RGB evolution.

First, I calculated the RGB lifetime, τRGB, as the time

between the point where R = 14 R⊙ and the maximum

luminosity reached on the RGB. As shown in the top

panels of Figure 9, τRGB depends primarily on metallic-

ity for low-mass stars (M ≤ 1.6 M⊙), decreasing from

about 80 Myr at [M/H] ≈ −1 dex to roughly 40 Myr at

[M/H] ≈ 0.5 dex. Its dependence on mass is compara-

tively modest, with variations below 10 Myr. All three

models show these trends, though some scatter appears

in the PARSEC and YY predictions, likely due to nu-

merical issues.

Next, I evaluated the initial mass difference between

RC and RGB stars at fixed age, denoted ∆Minit. Be-

cause RC stars are more evolved, their progenitors had

slightly higher initial masses. This difference can be ap-

proximated as

∆Minit ≈
τRGB

dτ/dM
, (16)

where dτ/dM is the age–mass gradient. I fitted the

age and mass of lower RGB models using the relation

τ = αMβ , which gives dτ/dM = αβMβ−1. Substitut-

ing this into Equation 16 yields the estimate for ∆Minit.

As shown in the middle panels of Figure 9, ∆Minit in-

creases with mass and decrease with metallicity, with

a maximum of 0.025 M⊙. Overall, these values appear

to be small compared to the integrated mass-loss rates

determined in Table 1.

I also determined the maximum RGB luminosity, as

shown in the bottom panels of Figure 9. The overall vari-

ations are small, consistent with the fact that all stars

in this regime undergo degenerate helium core formation

followed by a helium flash. There is a trend with metal-

licity, where metal-rich stars reach slightly higher RGB

luminosities. However, if mass-loss rates indeed increase

steeply with luminosity, this would imply that integrated

mass loss should increase with metallicity, which is op-

posite to the trend observed.

6.2. Trends with Metallicity and Mass

Combining the observationally derived integrated

mass loss with the model-predicted RGB lifetime and

initial mass differences allows us to estimate the average

mass-loss rate on the RGB:

⟨Ṁ⟩ = ∆Mtrue

τRGB
=

∆M +∆Minit

τRGB
=

∆M

τRGB
+(dτ/dM)−1.

(17)

For this calculation, I used the MIST models, since it ex-

hibits smaller scatter and better numerical convergence.

Figure 10 presents ⟨Ṁ⟩ as a function of metallicity

and stellar mass. The overall trends with metallicity re-

main consistent with those seen in the integrated mass-

loss estimates (Figure 7). This is expected given that

the values computed in §6.1 have limited sensitivity to

metallicity. Interestingly, the values of mass-loss rates

agree qualitatively with those reported by J. Yu et al.

(2021), who inferred mass-loss rates from infrared color

excesses. A linear fit to the data in Figure 10 yields

⟨Ṁ⟩/(10−9M⊙yr
−1)

= (−4.17± 0.36)× [M/H] + (1.48± 0.12).
(18)

7. TESTING MASS-LOSS PRESCRIPTIONS

How do the measured mass-loss rates compare with

model predictions? Here, I examine whether some com-

monly used mass-loss prescriptions reproduce the ob-

served trends in the data, particularly the dependence

of mass-loss rates on metallicity.

One of the most widely used mass-loss prescriptions

is that of D. Reimers (1975). This model assumes that

a fixed fraction (ηR) of the stellar luminosity balances

the loss of gravitational energy due to stellar winds. De-

spite its broad application, the assumption of a constant

fraction is a strong simplification, and the model does

not incorporate detailed properties of stellar wind. The
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Figure 9. From top to bottom: RGB lifetime τRGB, initial mass difference ∆Minit and maximum luminosity reached on the
RGB, shown as functions of stellar mass and metallicity. Results are presented for three evolutionary models (left to right:
MIST, PARSEC, and YY).

mass-loss rate is given by

Ṁ = (4× 10−13M⊙ yr−1) ηR(
L

L⊙

)(
M

M⊙

)−1 (
R

R⊙

)
.

(19)

Empirical calibrations suggest ηR ≈ 0.4 for globular

clusters and values in the range 0.1–0.2 for open clus-

ters (A. Miglio et al. 2012). Other prescriptions based on

stellar fundamental parameters, such as those by D. J.

Mullan (1978), L. Goldberg (1979), and P. G. Judge &

R. E. Stencel (1991), share a similar functional form

and predict metallicity trends comparable to that of

D. Reimers (1975). For this reason, we restrict our anal-

ysis to the D. Reimers (1975) formulation.

Motivated by the mechanical energy flux carried by

Alfvén waves, K. P. Schröder & M. Cuntz (2005) pro-

posed a modified mass-loss prescription:

Ṁ = (8× 10−14M⊙ yr−1) ηSC(
L

L⊙

)(
M

M⊙

)−1 (
R

R⊙

)(
Teff

4000 K

)(
1 +

g⊙
4300g

)
,

(20)

with ηSC = 1 originally chosen to reproduce the in-

tegrated mass loss observed in globular clusters K. P.

Schröder & M. Cuntz (2005).

More recently, S. R. Cranmer & S. H. Saar (2011) de-

veloped a mass-loss model based on solar wind physics.

This model incorporates two distinct wind components

driven by Alfvén waves and turbulence: a hot coro-
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Figure 10. The average mass-loss rate on the RGB, ⟨Ṁ⟩, as a function of metallicity, color-coded by initial mass.

−0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4
Metallicity [M/H] (dex)

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

A
ve

ra
ge

d
M

as
s-

lo
ss

R
at

e
〈Ṁ
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Figure 11. Predicted average mass loss rates from three different prescriptions shown as open symbols. Observed values are
shown as filled symbols, following the same conventions as in Figure 7.
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nal wind (V. H. Hansteen & E. Leer 1995) and a cool

wind originating from the extended chromosphere (T. E.

Holzer et al. 1983). The total mass-loss rate is given by

Ṁ = ηM

[
Ṁhot + Ṁcold exp(−4M2

A,TR)
]
, (21)

where Ṁhot and Ṁcold represent the contributions from

the hot and cool wind components, respectively (see Sec-

tion 3 of S. R. Cranmer & S. H. Saar 2011 for details).

The term MA,TR denotes the Mach number at the tran-

sition region between the hot corona and the cool chro-

mosphere, and the scaling factor ηM restores the origi-

nal formulation when set to unity. Mass-loss rates were

computed using the publicly available code2. Since the

model requires the stellar rotation period as input, I es-

timated it using a radius-based scaling relation fitted

from Table 2 of S. R. Cranmer & S. H. Saar (2011):

Prot/d = 19.87 (R/R⊙)
0.7.

I computed the instantaneous mass-loss rates using

the three prescriptions described above, applied to MIST

stellar models. These rates were then integrated along

the RGB and averaged over the RGB lifetime for direct

comparisons with observational estimates.

As a first step, I evaluated each prescription using its

default scaling factor, restricting the analysis to models

with an initial mass of 1.0 M⊙ for simplicity. The results,

shown in Figure 11, compare the predicted mass-loss

rates from these prescriptions with the observed values

found in this study. None of the models reproduce the

observed metallicity dependence among field stars. The

calibrated parameters in the K. P. Schröder & M. Cuntz

(2005) and S. R. Cranmer & S. H. Saar (2011) prescrip-

tions were primarily derived from metal-poor samples,

and the poor agreement near solar metallicity is unsur-

prising.

Next, I explored the effect of varying the scaling fac-

tors — ηR, ηSC, and ηCS — within each prescription.

In this case, I also included models with three differ-

ent initial masses: 1.0, 1.2, and 1.4 M⊙. As shown in

Figure 12, this additional freedom does not resolve the

discrepancy. Although all prescriptions produce a mass

gradient with a sign consistent with the observed trend

with mass, the overall agreement remains poor.

8. DISCUSSIONS AND CONCLUSIONS

In this study, I present constraints on the integrated

mass loss on the RGB. This was done by comparing

stellar masses of RGB and RC stars of equal age, which

were identified using two Galactic evolution indicators:

age–velocity dispersion relation (AVR) and lower-mass

boundary (LMB) of red giants. Together with measure-

ments from open clusters, I showed that the integrated

mass loss on the RGB clearly decreases with metallicity

for [M/H] > −0.8 dex, and also tentatively decreases

with stellar mass for M < 1.6 M⊙ (Figure 7).

2 https://stevencranmer.bitbucket.io/Data/Mdot2011/

https://stevencranmer.bitbucket.io/Data/Mdot2011/
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The findings presented here have broad implications

across astrophysics. They indicate that current stellar

evolutionary models systematically misrepresent mass-

loss behavior in evolved stars, affecting age estimates for

stellar populations — particularly for red clump stars,

which are important for galactic archaeology. Interpre-

tations of red clump morphology and models of Galac-

tic chemical evolution must account for the metallicity

dependence of mass loss when adopting empirical pre-

scriptions.

The trend between mass loss and metallicity starkly

contrasts with existing widely adopted mass-loss pre-

scriptions, including D. Reimers (1975), K. P. Schröder

& M. Cuntz (2005), and S. R. Cranmer & S. H. Saar

(2011), since none of them is able to reproduce the ob-

served metallicity dependence, even when allowing gen-

erous adjustments to their free parameters (Figures 11

and 12).

The results presented here also have implications for

the physical mechanisms responsible for mass loss on the

RGB. Pulsation-enhanced mass loss have been widely

recognized as a mechanism in evolved stars, particularly

in luminous AGB stars, where pulsations can levitate

material to regions where dust can condense. Yet, while

the tip of the RGB may just reach pulsation amplitudes

similar to those seen in AGB stars, the empirical find-

ing that pulsation amplitudes increase with metallicity

in RGB stars (see Figure 12 of J. Yu et al. 2018) would

suggest, at face value, that mass-loss rates should also

increase with metallicity — opposite to the trend ob-

served in this work.

Radiation pressure on dust grains is a well-established

driver of winds in hot main-sequence stars and very

luminous AGB stars. However, in RGB stars the

lower luminosities and cooler atmospheres significantly

limit both the formation and effectiveness of dust-driven

winds.

Magnetic fields present a promising, though less well-

understood, mechanism for driving mass loss. Although

the prescriptions by K. P. Schröder & M. Cuntz (2005)

and S. R. Cranmer & S. H. Saar (2011) are based on

Alfvén wind physics, their implementations rely on sim-

plifying assumptions. Magnetohydrodynamic (MHD)

simulations suggest that a range of wind regimes may

arise from magnetic activity, but the dependence on

metallicity remains poorly constrained (Y. Yasuda et al.

2019). The slowly and, potentially, differentially rotat-

ing envelopes of red giants complicate direct compar-

isons with dynamo processes observed in solar-like stars.

Future measurements of surface rotation periods in red

giants, along with envelope and core rotation rates from

asteroseismology (G. Li et al. 2024; E. J. Hatt et al.

2024), should help clarify the role of differential rotation.

In parallel, magnetic activity indicators along the red

giant branch are essential for constraining surface mag-

netic field strengths, with recent progress in this area

(C. Gehan et al. 2024). Together, these efforts are ex-

pected to improve our understanding of the interaction

between rotation and magnetic fields in red giants, and

may help clarify the role of magnetic activity in mass

loss.

On the observational side, it is worth noting that cur-

rent isochrone sequences informed by Galactic evolu-

tion indicators primarily favor low-mass stars. The only

intermediate-mass samples are provided by the open

clusters M67 and NGC 6819. To robustly assess the role

of stellar mass by extending the parameter space toward

higher masses, additional open cluster observations are

needed — although the number of suitable clusters in

the field is limited. A promising alternative involves

the use of wide binary systems, where the primary is

an RC star and the companion is either an RGB or a

main-sequence turn-off star with a well-determined age.

Preliminary results from such studies have shown con-

siderable potential (L. Schimak et al. 2024; C. Chiu et al.

2025).

In addition, stellar masses derived from asteroseismic

scaling relations are subject to systematic uncertainties

in the absolute mass scale. Individual frequency model-

ing provides another promising, though currently under-

utilized, alternative for obtaining precise mass estimates.

Applying detailed frequency modeling to large samples

of red clump stars should be prioritized to improve con-

straints on mass-loss processes.
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