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Abstract. The amount of mass lost by stars during the red-giant branch (RGB) phase is one of
the main parameters needed to fully understand later stages of stellar evolution. In spite of its
importance, a fully-comprehensive physical understanding of this phenomenon is still missing,
and we, mostly, rely on empirical formulations. The Galactic Globular Clusters are ideal targets
to derive such formulations, but, until recently, the presence of multiple populations has been a
major challenge.

We will discuss the insights on RGB mass loss that can be obtained from the study of the
horizontal branch stars in such stellar associations. The estimates obtained via the study of the
photometric data will be compared with recent and newly obtained estimates derived for few
high metallicity open clusters and a large sample of field stars with asteroseismic techniques.
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1. Introduction

Determining the mass loss along the Red Giant Branch (RGB) is a crucial step to fully
understand later stages of stellar evolution and by some extent understand the fate of
planetary systems. The comparison between the stellar mass of the helium-burning- and
the RGB-stars provides an efficient approach to infer the RGB mass loss in simple stellar
populations.

In the old globular clusters (GCs) the helium burning stars are hosted on the Horizontal
Branch(HB). These stars reach their position along the branch, at higher effective temper-
atures than their progenitors, after the degenerate helium in their core has ignited during
the Helium flash at the Tip of the RGB. The total mass deficit, if any, of the resulting
stars with respect to the RGB ones represents the sought-after mass loss. Recent works
(Tailo et al. 2020, 2021; T20,T21) have introduced an innovative approach, based on the
comparison of the photometric data with state of the art stellar population models, to
infer the mass loss of the distinct stellar populations in GCs and applied this method
to a large sample of more than 50 old, low metallicity GCs; also including those GCs
without evidence of multiple stellar populations.

In younger and in metal rich ([Fe/H]>-0.3) clusters the helium burning stars are clus-
tered in a smaller portion of the colour magnitude diagram; this new locus is dubbed
Red Clump (RC) to distinguish it from the HB (see Girardi 2016 for a general review).
The relatively large interval of mass values of the RC stars, compared to the small colour
extension of this locus, makes difficult to get accurate mass and mass loss estimates with
photometric tools alone. Therefore, an approach involving asteroseismic techniques is
more appropriate and can lead to better mass estimates.
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Figure 1. An example of the simulation realized in our study to obtain an estimate of the
mass loss in the stellar population in the Galactic GCs. The photometric data of NGC 6723
are represented as white points. The black and the grey contour plots represent the best fit
simulations for the 1G and the 2Ge stars in this cluster. An additional mass loss (Apu) is required
to correctly describe the latter population.

The comparison of the results coming from the old, metal poor GCs and the astero-
seismic study of the mass loss in the young metal rich clusters can give new insight on
the complexity of the mass loss in RGB stars.

2. Mass loss in old GCs

The large majority of the old Galactic GCs host two kinds of stellar populations: a
first generation (1G) of stars, characterized by abundance patterns similar to the field
stars of comparable metallicity, and a second generation (2G), showing different pat-
terns and enhanced helium abundance (see Milone et al. 2017, 2018 and Marino et al.
2019 for a review of the observational framework). The mechanism and the evolutionary
path leading to the formation of these multiple populations are still largely debated (see
Renzini et al. 2015 and Bastian & Lardo 2018 for a review of the theoretical framework)
and no conclusive theoretical explanation and unified evolutionary scenario has been
developed.

On the HB these two kinds of population can easily be distinguished. On the basis
of the spectroscopic results (from e.g. Marino et al. 2008) and seminal theoretical works
(D’Antona et al. 2002), in most GCs it is possible to identify the 1G stars with the
reddest group of stars along the HB, and the 2G with the others. Among the various
groups forming the 2G, the extreme part (2Ge), corresponding to the most enhanced
sub-stellar populations occupies the bluest end of the HB.

The parameter degeneracy, traditionally associated to the effects of mass loss and
helium, can be broken for both groups of stars adopting either the primordial helium
abundance, for the 1G, or the helium values provided by e.g. Milone et al. (2018), in the
case of the 2Ge. Therefore the last parameter to be evaluated is the integrated mass loss
of the two stellar populations.

By comparing the photometric data with stellar populations models such mass loss
estimates can be achieved. An example is shown in Fig. 1 for the cluster NGC 6723. The
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Figure 2. Left panel: Integrated mass loss of the first generation stars in the GC sample
analysed in our works (T20,T21). The three series of points represent simple population clusters,
M3-like and M13-like GCs, respectively as squares, circles and diamonds.

best fit simulations for the 1G and the 2Ge are selected with the T20 and T21 method, to
whom we refer for further details, and are represented with black and grey contour plots
in the figure. For the 1G stars we found a mean mass of Mgy = 0.827 £ 0.014M¢, and
Mig = 0.647 + 0.023M,, respectively for the RGB and HB stars, whereas for the 2Ge
stars we found M&25 = 0.793 £ 0.016Mg and MZEe = 0.560 =+ 0.024M,. These values give
integrated RGB mass loss values of p1g =0.180 & 0.023Mg, and page = 0.233 £ 0.024Mg,
respectively, for the 1G and 2Ge stars.

If we look at the results for all the clusters analysed in our works we see that a relation
between the integrated mass loss and the parameters of the host clusters emerge. While we
refer to T20 and T21 for the full discussion, we examine here what we deem to be the most
important one, as it is connected to the evolution of the early cluster. Indeed, if we look
at the mass loss of the 1G stars as a function of cluster metallicity, left panel of Figure 2,
wee see that a strong relation is present. In the figure we represent the least square best
fit line that can be derive from the data as the dashed black line. The relation can also
be described via the following equation: p = (0.095 £ 0.006) x [Fe/H] + (0.312 £ 0.011).
If we convert these value in mass loss rate via the most commonly used Reimers (1975)
formula (nr), we get that the free parameter in the model has to vary from a minimum
of nr ~0.05 at [Fe/H]~-2.4 to a maximum of ng ~ 0.60 at [Fe/H]~-0.5 (T20).

In Figure 3 we compare the integrated mass loss obtained with our relation with
the others present in the literature. For the old Galactic GCs, we reported the results
from Gratton et al. (2010), black and Origlia et al. 2014). We report the results from
Savino et al. (2019) for the Tucana dSph galaxy and from Salaris et al. (2013) for
the Sculptor dSph galaxy. Finally more example of similar trends, albeit for a smaller
sample of GCs, can be found in VandenBerg et al. (2016); Denissenkov et al. (2017);
VandenBerg & Denissenkov (2018). Furthermore the mass loss rate we obtain here can
also be compared with the ones in McDonald & Zijlstra (2015, and references therein),
where the authors, using the results from Gratton et al. (2010), found an almost constant
nr = 0.477 £ 0.070 for the entire range of metallicities.
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Figure 3. Comparison of the mass loss law obtained from our results (solid black) and few
other relations and estimate found in the literature. T20,T21: Miglio et al. 2021; Tailo et al.
2021; Gr2010: Gratton et al. 2010; Or2014: Origlia et al. 2014; Sv2019: Savino et al. 2019; S12013:
Salaris et al. 2013; Mg2021: Miglio et al. 2021; NGC6791 from Miglio et al. 2012 and NGC6819
from Miglio et al. 2012 and Handberg et al. 2017. M67 from Stello et al. (2016) See text for
details.

The fact that most of these relations, obtained for the old stellar populations and with
different methods, share the same slope, suggests that RGB evolution could be universal
in old stellar associations like GCs and dSph.

3. Extending to higher metallicity range

The analysis of the helium burning stars, and, consequently, the estimate of the mass
loss, in higher metallicity or younger GCs is trickier. When the metallicity is high enough,
or the age low enough, the HB collapse in a small region of the CMD and is dubbed Red
Clump (RC), to distinguish it from the HB.

The tracks hosted in this region are clumped together in a small area but cover a
relatively large interval of mass values (see e.g. Girardi 2016) compared to their HB
counterparts. This makes obtaining accurate mass estimate difficult with photometric
tools only, and a combination of tools from different fields is necessary to reach good
precision.

Among the tools available, asteroseismology is able to provide precise estimates of
the mass of these stars while at the same time it allows to avoid most of the difficulties
encountered with photometric techniques. We refer to Chaplin & Miglio (2013) and Aerts
(2021) for a general overview. In a nutshell, continuous photometric observations of cool
stars (giants, in particular) can be used to detect solar-like oscillations and spectra.
Constraints from these spectra can be combined with surface properties to infer precise
stellar masses. If we apply then these techniques to both helium burning and RGB stars
we also get a more precise estimate of mass loss. This has been indeed performed on few
young, high metallicity Galactic open clusters.

In an early work, Miglio et al. (2012) performed the asteroseismological analysis of the
two young, high metallicity clusters NGC6791 and NGC6819. For NGC6791 Miglio and
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collaborators estimated the integrated mass loss to be ~0.10£0.02 M. For NGC6819 by
Miglio and collaborators a mean mass of 1.61+0.02 Mg and 1.6240.03 Mg, respectively
for the RGB and RC stars. Therefore they estimate an almost absent mass loss. Recently
the mass and mass loss estimates for NGC6819 have been updated by Handberg et al.
(2017) confirming the results by Miglio and collaborators.

Another example of the evaluation of mass loss done via asteroseismic techniques can
be found for the open cluster M67 (Stello et al. 2016). Stello and collaborators analysed
a large number of RGB stars and a conspicuous sample of RC stars finding no evidence
of strong mass loss.

An extensive analysis of the mass and the mass loss of a large number of stars can be
found in Miglio et al. (2021). In this paper the authors analyse a large number of field
stars in the Kepler field. When combining the mass and age information with the [Fe/H]
and [o/Fe] values coming from the APOGEE DR14 (Abolfathi et al. 2018), their main
results an average 0.1 Mg, of mass loss for the old (older than 4Gyr), high [o/Fe] stars
([o/Fe]>0.1) in the sample.

We included the results from Miglio et al. 2021 for the stars in the Kepler field in the
right panel of Figure 3 as the grey solid line; the shaded area approximately represent
the 1o interval. In similar way the results for NGC 6791 from Miglio et al. 2012 and for
NGC6819 from Miglio et al. 2012 and Handberg et al. 2017 are also reported. Finally we
included the results from Stello et al. (2016).

4. A missing piece of the puzzle?

The comparison between the results coming from the high metallicity stars with the
ones obtained for the old, low metallicity stellar populations in GCs or dSph galaxies
shows a discrepancy.

Indeed, it seems to be tension between the mass loss predicted by the empirical relations
described in Figure 3 at solar and higher metallicity values and the direct observations
carried out with asteroseismic techniques. This may be the result of our incomplete
understanding of the phenomenon of mass loss or of still unknown interaction with the
formation environment. Finally, as younger, more massive stars have lower RGB Tip
luminosities (for fixed metallicity and helium values, see e.g. Serenelli et al. 2017) it
is also possible that the low, integrated mass loss is consequence of the higher surface
gravity of these stars.

This would make the relations presented in Figure 3 valid only in those range of
metallicity or age values or even valid only for these specific class of stellar associations.
However investigating the origin of such discrepancy is beyond the scope of this work as
it would need accurate simulation and observation of early clusters.
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