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Uncertaintiesin models of stellar structure and
evolution

Arlette Noels and Angela Bragaglia

Abstract Numerous physical aspects of stellar physics have beeamqissbin Ses-
sion 2 and the underlying uncertainties have been tentatigsessed. We try here
to highlight some specific points raised after the talks amihg the general discus-
sion at the end of the session and eventually at the end ofahieshvop. A table of
model uncertainties is then drawn with the help of the pgdiats in order to give
the state of the art in stellar modeling uncertainties asityf4013.

1 Introduction

After three opening talks on galactic astrophysics, agmasts and ensemble aster-
oseismology, Session 2 was devoted to uncertainties ilasgtucture and evolu-
tion, constraints from asteroseismic analyses and teite afetermination of stellar
properties in well-constrained systems. We have tried tdaqmether the questions
and answers raised after the talks and during the genelgdi®n following the
presentations of Session 2. We do not follow the order of ttesentations but
we rather have selected a number of physical subjects eiifflgr approached in
several talks. In order to ease the lecture we have tentatiméed the different
subjects through a thin Ariane thread, whenever possibtéwee give the names of
the speakers in an attempt to render the vividness of theshfns that took place
in the beautiful Sesto environment.
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2 Arlette Noels and Angela Bragaglia

2 Galactic astrophysics, age estimates and ensemble
asteroseismology

In order to draw a realistic picture of our Galaxy and its etioin, we are
desperately waiting for spectroscopic analyses of hugebensof stars. The
problem of metallicity is indeed crucial to all aspects & #volution of stars
and of the Galaxy. The helium abundance is also obviouslgsrej as well as
effective temperatures and gravities. Gaia will provideaflaxes and proper
motions with unprecedented accuracy. Moreover our grepe hi® to have
soon precise stellar ages derived from asteroseismic semlyf stellar pop-
ulations but this first requires a good knowledge of the rlieiigi of these
stars. This will in turn provide the long awaited for detdiBD, or directional,
age-metallicity relation in our Galaxiye. a relation taking into account the lo-
cation of each analyzed object in the Galaxy (distance tgétectic center as
well as galactic latitude and longitude). This is extenlsigiscussed in Ses-
sions 3 and 4, which report on ongoing spectroscopic surveysely Gaia-
ESO Survey (GES), Apache Point Observatory Galactic ExoiUExperi-
ment (APOGEE) and Galactic Archaeology with Hermes Sur@G§L(AH).
Ongoing and future large photometric surveys, such asrigfrén survey for
Asteroseismology and Galactic Archaeology (SAGA), Skyp&pSouthern
Sky Survey and Large Synoptic Survey Telescope (LSST),akslh offer an
important contribution especially in term of target sel@tt

2.1 Age-metallicity relation

— Arlette Noels— An important issue in the talk presented by Gerry Gilmore wa
the rather large dispersion in metallicity at a given ageun®alaxy, coupled with
only a very small spread ifor /Fe] at any giverfFe/H].

— Alessandro Bressan- The spread in metallicity in the Galaxy may be due to a
fast enrichment with small difference in ages with respedtilion years.

— Gerry Gilmore— The early enrichment of the local Galaxy up to near solar
seems to have indeed been very fast. In theda8tGyr the mean value dfe/H]

has changed only by perhaps a factor of two. When we havékelaes we will

be able to quantify the discrepancy between the appareturfattwo scatter in
[Fe/H] at any time, and only a tiny range [af /Fe] at any[Fe/H].

— Nicolas Grevesse— The spread in the plotd~e/H] vs age comes from the
uncertainties in the ages. But could it not be also very muahtd the spread in
the abundances themselves?

— Gerry Gilmore— Yes of course! These are preliminary results only. We alle st
working at making the error bars quantitative, includinghbrandom and systematic
effects.

— Jennifer Johnsor— Once Sagittarius blends into the halo of our Galaxy, should
we think of the halo as being-poor and metal-rich? The mass of Sagittarius com-
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Uncertainties in models of stellar structure and evolution 3

pared to the mass of the halo is not overwhelming and not gjittdeius stars are
a-poor and metal-rich.

— Gerry Gilmore— We need to go beyond the concept dfado. The “inner halo”
is old, metal-poor and-rich. The “outer halo” is young, metal-rich amdpoor. It
needs another name.

2.2 Ageindicators

— Arlette Noels— In some cases, more than one age indicator can be usedrds the
an agreement in the age determinations in such a case?

— David Soderblom— The agreement among different age indicators for a given
star is generally good, qualitatively at least, n the sehatit a star looks young, or
old, in one way, it looks young, or old, in other ways. But qlil@tive agreement is
usually not as good.

— Jennifer Johnsor— Chromospheric activity is used as an age estimator for sola
type dwarfs,although revealing some important spreadakssra possible source for
scatter in a plot of activity in binaries?

— David Soderblom— We do not know in detail how activity depends on funda-
mental stellar parameters such as mass and compositidmgtsoould contribute to
scatter. But, at the same time, if mass effects dominatestthiger in the€a Il H&K
emission indeXR,x vs (B—V) for binaries, | would expect the lines joining mem-
bers of binaries to be slanted, but not to go every which vike they do.

2.3 Asteroseismic age estimation and ensembl e aster oseismol ogy

— Arlette Noels— It was clear from Andrea Miglio’s talk that asteroseisnglo
can be a powerful tool to estimate stellar ages but sinceighisherently model
dependent, it urgently requires a careful testing of stetladels.

— Jennifer Johsor— What causes the differences in age at the same luminosity
for the different models and is there another parameter dittza lod- that could
reduce the scatter?

— Andrea Miglio— The discrepancies in age shown in the comparisons are due
both to differences in the choice of micro and macro physicthé codes and, to

a lesser extent, to differences in the numerics. Additiateskervational constraints
will likely reduce the scatter. This is.g.the case for age predictions of thi2
models : models computed with and without overshootingrdutihe MS give sig-
nificantly different ages, but when the period spacing o¥ilyanodes is consid-
ered an additional constraint, then some of the models cande out (see Josefina
Montalban’s talk).
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4 Arlette Noels and Angela Bragaglia

— Ken Freeman— For some purposes age ranking, differential ages estimation,
is already very useful. However from Andrea’s luminosiggaraphs, it seems that
even the ranking can be uncertain.

— Andrea Miglio— Age ranking may indeed be uncertain, in particular when our
limited understanding of say, transport of chemicals (gifbn, mixing near energy
generating cores) has a different impact depending on taeaad the mass of the
star. A quantitative appraisal of the robustness of redadind absolute ages is one
of the goals of the hares & hounds exercises we will condushasf the outcomes
of this meeting.

— Arlette Noels— The discrepancy between synthesis population with TRIREG
and theKepler data could perhaps be due to differences in the selectiterieri
Could such differences be also responsible for the disaiityilin the mass distribu-
tion relative to the CoRoT C (galactic center direction) &@i(galactic anticenter
direction) data?

— Andrea Miglio— We have applied to the synthetic populations selectideriai
designed to reproduce the CoRoT target selection, hencapeetthis effect to be
largely accounted for. Since the criteria applied to seBaiRoT targets are not the
same in all the observed fields, understanding and correofiselection biases on
a field-by-field basis will be a crucial step also for futuralgses.

3 Uncertaintiesin stellar modeling, aster oseismic constraints
and tests of stellar propertiesin well-constrained systems

To the question : Are the surface abundances the initial,dhesanswer is
definitely : No! Various physical phenomena are respongdai¢his, among
which are extra-mixing, as a result of convective oversingand/or rotation,
semi-convection, thermohaline convection, dredge-upsmaass loss. Aster-
oseismology can help draw a profile of chemicals within tteessand thus
constrain the efficiency of those processes but theoretiadies as well as
hydrodynamical simulations are urgently needed to helptirg a new gen-
eration of stellar models, which in turn, through populasgnthesis analyses,
will enrich our understanding of the evolution of our Galaxy

3.1 Overshooting

Stars never forget the amount of overshooting they had om#ie sequence — A. Bressan

— Arlette Noels— The problem of overshooting during MS in low mass stars is
quite different from its counterpart in massive stars. mltiter, the convective core
mass continuously decreases during main sequence andhowtng bubbles pen-
etrate layers which chemical composition is identical &t tbf the convective core
material. Bubbles are then slowed down and thermalized tinety reach the same
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Uncertainties in models of stellar structure and evolution 5

density than the surrounding material and, at that poinhatanove backwards. In
low mass stars heavy enough to keep a convective core on timeseguence, on
the contrary, convective cores grow in mass during part of ¢txydrogen burning
while nuclear reactions still take place outside the cotivecore. Overshooting
bubbles enter lighter material and are rapidly stopped lmyancy forces. Even if
they partly mix with the surrounding material they remairavier and are forced
backwards even after thermalization. This probably ingpéevery small extent of
overshooting in low mass stars. For even less massive gtarspnvective core in-
duced by the accumulation élf-le rapidly disappears once the equilibrium value is
reached. If some overshooting layers are added to the miggd, the equilibrium
value might never be reached and a convective core mightdseptduring part of
or all core hydrogen burning. This can change the turn-offghology as well as
the MS lifetime and may be incompatible with observations.

— Alessandro Bressan- Contrary to many years ago when | began together with
Cesare Chiosi and Paolo Bertelli the first systematic ingaton of the effects of
non local overshoot in a very skeptic scientific environmirs nowadays widely
accepted that a more extended mixing beyond the formal blestanvective core
is needed. Asteroseismology is putting firm constraintshenpresence of this ex-
tended mixing.

3.1.1 Red giants- Overshootingin MS stars

— Arlette Noels— In addition to the ability of asteroseismology to probe ite
ternal structure of stars, it is true that it is a powerfullttmassess the amount
of overshooting, especially from the seismic analysis @f tnass red giants. In
particular, for red giants belonging to the secondary redhgl, there is a well de-
fined relation between the period spacidd, of g-dominated modes and the mass
of theHe core. Since the latter is affected by the amount of overshggiresent
during coreH-burning, a direct constraint on thdS extra-mixingmmediately fol-
lows. The asteroseismic determination of the total massmfAv and vpyax and
the scaling relations) together with the mass of itecore obtained fromAP is
indeed a direct clue to the amount of MS overshooting (Mddtalet al.| 2013;
Montalban & Noels, 2013). This is however dependent on tientcal composi-
tion and a precise determination of the metallicity is regdibefore reaching firm
conclusions.

Interestingly enough an attempt at determining the amotuovershooting dur-
ing MS by this asteroseismic method was under way by DenmeitoSturing this
workshop. Quite soon after his talk and just before the geriscussion, he was
able to present his preliminary results.

— Dennis Stello— In order to derive the amount of overshooting during the MS
from the mass of secondary clump stars identified from tHeseoved period spac-
ings, we have tested different degrees of extra-mixing bgmaef an exponential
overshoot parametrized By Our choserf value and their counterparts for the usual
overshooting parameter,, were :
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6 Arlette Noels and Angela Bragaglia

f=0.0 — dew~0.0

f=0.008— apy~0.1

f=0.015— agy~0.2.
The best match with the observed mass of secondary clumpistgpublic” RG
sample, which is 2.8, from pure scaling relations (no corrections), is obtained
with MESA models computed witli = 0.008. It is important that we either take
care of any corrections in scaling or even better we modeviehgal frequencies
for these secondary red clump red giants, before we prodaiower than usual
overshoot.
— Josefina Montalan — This must be taken with caution since an extra-mixing
during MS is not the only factor which can affect the mass atdbcondary red
clump. A decrease af and/or an increase of lead to a decrease of this mass.
This is due to the higher luminosity on the ZAMS for a given mashich “mim-
ics” a more massive MS star. Such an exercise should only be ddhe stellar
metallicities of all the stars in the sample are known.
— Jennifer Johnsor- With 2% errors o f (combining systematics and random)
and 0.1 dex metallicity errors, what is the largest sourcaafr? What about errors
in the scaling relations?
— Dennis Stello— This depends on the location in the HR diagram and on the
stellar quantity to be determined. The scaling relation&fearis known to be off by
a few % depending ofiet. FOr Vmax the scaling relation is good to the level we
have been able to test it bumaxis ill defined for some stars. It could also still hide
or allow systematics that we, in the end, care about.
— Jennifer Johnsor— What are the possibilities of forward modelings. of com-
puting a large grid of RGB models with predicted frequencgctma and doing a
comparison with the observed individual frequencies?
— Dennis Stello— This might be feasible for low luminosity RGB but near and
above the bump, | would think it is less feasible. Calculatibone track takes hours
up to days. Computation of all the frequencies along thaktimsmall enough time
steps of evolution takes days. To make a gridinZ, Y, amit, Oov that is dense
enough requires thousands of tracks. It is obvious that sserteof interpolation
and scaling will be needed.
— Arlette Noels— As was shown in the seismic analysis of the Sun, the pres#nce
a periodic componentin the large frequency separationignature of a “glitch” in
the stellar structure located at the basis of the conveetivelope and/or thelell
ionization zone (see for example Houdek & Gaugh, 2007). irhisrn can lead to
an estimation of the superficial helium abundance. Do wedjrdave an idea of
the surface helium abundance in red giants from similaryseal of the red giant
Keplerdata?
— Andrea Miglio— While robust detections of the signaturetbé ionization will
be possible witlKeplerdata, inferences on thée abundance are likely to be limited
to distinguishing between helium rich and helium poor ggaResults of tests on
artificial data will soon appear in Broomhall et al. (2014).
— Victor Silva Aguirre— Although important constraints will indeed come on
the MS overshooting from clump stars, we should not forgéetgudirectly main
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Uncertainties in models of stellar structure and evolution 7

sequence and sub-giant stars to calibrate MS overshoasnge have much better
understanding of seismic diagnosis in those phases thgmog&irsub-giant branch
evolution.

— Josefina Montalan— | disagree with the fact that we better understand the seis-
mic diagnostic for MS sequence or sub-giants than for rextgid\s shown in talks

in this meeting and references therein, simple predictitore models are able to
explain observational results and interpret them in a ctexisi way, and that for

a large number of red giants. So, in my opinion, period spatagether with the
large separatiodlv and vyax are powerful seismic diagnostics for understanding
red giants as well as MS and sub-giant stars. Moreover the pfdke stars in the
secondary clump is around\., too massive to present solar like oscillations dur-
ing MS. The stars for which solar like oscillations allow osderive the extension
of the extra-mixing region during MS have a mass around.3 Therefore, both
approaches are complementary and could eventually alléavarsswer the question
about the dependence of overshooting on stellar mass.

3.1.2 MSstars

— Jennifer Johnsona- Victor Silva Aguirre presented an interesting result at$\
which showed that fits to individual frequencies quite frexfly give solutions for
MS stars that have very lo¥. From Martin Asplund’s talk (see also Asplund et al.,
2009), the solar abundancésould be decreased from 0.021 to 0.014. Would ad-
justingZ help give more reasonable valuesysf

— Victor Silva Aguirre— | think the biggest impact would be caused by the change
in opacities required to reconcile the new solar abundanitisresults from he-
lioseismology. At a given luminosity, an increase in the @pas would produce a
decrease in mass that would need to be compensated by aasadnethe helium
abundance.

— Arlette Noels— It has been shown by Bonaca et al. (2012) that using the solar
calibrated value ofry 1 in the analysis of a large sample of dwarfs and subgiants
observed byKepler very often led toY values smaller than the primordial helium
abundance. Witlry T as a free parameter they obtained more reasoatéddues.
Moreover they were able to show that v increases with the metallicity. On the
other hand, iyt depends on the stellar mass (see for example Ludwig & Salarie
1999;l Yildiz et al.| 2006), how would this affect the seismproperties of stellar
models?

— Josefina Montalan— The dependence afyy 1 on the stellar mass, mainly for
main sequence stars, suchdaScuti andy Doradus pulsators, can modify the loca-
tion of the corresponding instability strips. For sol&elipulsators like red giants,
the changes oyt will modify the radius of the star, but not the global proper-
ties of pulsations. What really affects the frequency valfioe these pulsators is the
differentdP/dp that 3 models predicts for their superadiabatic region. One of the
main problems to use individual frequencies as seismictcainss is the description

of this layer in D and time independent models of convectiob-&verage models
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8 Arlette Noels and Angela Bragaglia

of the external regions would improve the computation ofifrencies and reduce or
bring some light about the so-called “surface effects”.

— Avrlette Noels— It is indeed important to have as mani 8odel atmospheres
as possible, first to map tHeR diagram withrealistic oyt values, to better un-
derstand the excitation of solar-like oscillations in MRlaed giant pulsators, to
obtain a more realistic temperature distribution in thessagdiabatic region and last
but not least to check the surface abundances obtainedwitddel atmospheres
— Alessandro Bressa#s- Victor has used asterosesimology to estimate the amount
of extra-mixing in low mass stars (Silva Aguirre et al., 2DIBhe star analyzed is
just above the limit between stars that should possess &ctivercore, as predicted
by current evolutionary stellar models, but it cannot bduded that this is due to
efficient shear mixing induced by differential rotationwiduld be interesting to try
to extend the same test to main sequence stars just beloWintiitisOf course in
this case an extended mixing could be more difficult to adsessuse of the longer
lifetime required to change the chemical composition.

3.1.3 He-burning stars

— Arlette Noels— The average value of the asymptotic period spacingi ef
burning red giants is closely related to the mass of the atiiwveecore or more
precisely to the mass of the mixed central layers. The coisgaiof theoretical
values with the asymptotic period spacings derived fidapler red clump stars
seems to suggest an extra-mixing during ddeeburning (Montalban et al., 2013;
Montalban & Noels, 2013).

It is however important to stress some problems relatedemthmerical deter-
mination of the convective core boundaryhte-burning stars (see Gabriel ef al.,
2014). In such stars the convective core grows in mass dariather large fraction
of the coreHe-burning phase. This means thatiadiscontinuity builds in as time
goes on.

— Alessandro Bressan- Local overshoot arising from a discontinuity in composi-
tion, first discussed by (Schwarzschild, 1958, see p. 168)alvaady well studied in
the 1970s|(Castellani etlal., 1971). During the centr@burning phase it arises be-
cause matter around the border of the convectively unstaglen is dominated by
free-free opacity, which grows at increasig- O abundance as the discontinuity
of chemical composition gets larger. Not all evolutionapges take this instability
into account, but it is worth recalling that a proper consatien of these effects
increases thele-burning lifetime by a significant fraction, drasticallyfedting the
ratio of coreHe-burning lifetime to the asymptotic phase duration.

— Arlette Noels— When the convective boundary is searched for through agghan
of sign of the[raqg — Ua, wherel stands fodInT /dInP andrad anda, for radiative
and adiabatic respectively, the presencefdiscontinuity in the interval where the
change of sign seems to occur, prevents any correct detationrof the boundary.
The convective core mass is then too small and whemtlescontinuity reaches a
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Uncertainties in models of stellar structure and evolution 9

significant level, it is even impossible to allow any furtlerease in the convective
core mass (see for example Fig. 15 in Paxton et al.,|12013).

This problem was indeed already encountered and discugs@ddiellani et al.
(1971) who showed that anducedovershooting was required to correctly assess
the location of the convective boundary. Instead of wrorgbating the boundary
through a search for a change of sign in an interval includingdiscontinuity,
the correct procedure, consisting in extrapolafihgy — O, from pointswithin the
convective core onjynust be applied.

3.2 Rotation

— Maurizio Salaris— In your computation of a rotating W, star, you used an
initial velocity of 50 km/s. To which evolutionary phase dadis initial velocity
correspond? Is this value an extreme one or a typical one?

— Patrick Eggenberger— The initial velocity corresponds to the velocity on the
ZAMS. This corresponds to a typical value for a solar-tye eh the ZAMS, which

is sensitive to the rotational history of the star during®&S and in particular to the
duration of the disc-locking phase. The surface velocita gblar-type star model
rapidly decreases during the MS evolution due to magnegikibg.

— Nicolas Grevesse- You showed that rotation counteracts atomic diffusion. So
what happens to diffusion in the Sun if you include rotatidv?at about the solar
helium abundance?

— Patrick Eggenberger— Rotational mixing counteracts the effects of atomic dif-
fusion and thus a rotating model of a solar-type star willibita higher value of
the surface helium abundance at a given age than a nonagtatddel including
only atomic diffusion. Consequently, a rotating solar madl be characterized by

a higher surface abundance of helium at the solar age cothpa@e non-rotating
one, which is not in good agreement with helioseismic deigaitions of the helium
abundance in the solar convective zone. However, a modeffatency of rota-
tional mixing can transport light elements to deeper antehstellar layers in order
to predict surface abundances of lithium in better agreemih the solar values.

— ArletteNoels— What would be the outcome in population synthesis if models
computed with rotation were used?

— Patrick Eggenberger— It is clear that the effects of rotation on the global and
asteroseismic properties of low-mass stars will have armanhpn the properties of
a given stellar population. Starting from the discussiothef changes induced by
rotation on the evolutionary track of a given stellar modés however not straight-
forward to deduce the effects on a whole stellar populatiibhout doing a detailed
population synthesis computation. For instance, rotatiomxing simultaneously
changes the location of the star in the HR diagram and inessiés main-sequence
lifetime leading to isochrones that can be very similar t® ¢imes of non-rotating
models (see for example Girardi et al., 2011). Interesfintke increase of the lu-
minosity during the post-main sequence evolution of a iganodel leads to a de-
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10 Arlette Noels and Angela Bragaglia

crease of the mass of a red giant at a given luminosity. Aséésmic observations
of red giants in clusters are thus particularly valuabledtetmine a precise mass
for these stars and to investigate thereby the possible aegefficiency of rota-
tional mixing. Moreover, rotational mixing can change themical composition at
the stellar surface, which can be constrained by spectpisdetermination of sur-
face abundances. All these photometric, asteroseismis@aaroscopic constraints
must be simultaneously satisfied by stellar models and Itthils be particularly
useful to develop population synthesis tools for rotatiraglels to compare in more
details the prediction of these models with the numerousmisional constraints
that are now available.

— ArletteNoels— If we need internal gravity waves or magnetic fields to flattee
rotation profile, do we still need to build models with rotet?

— Patrick Eggenberger— A flat rotation profile does not mean that there is no mix-
ing. Rotational mixing is due to the shear instability anthtransport of chemicals
by meridional circulation. The rotation profile of modelglumding internal gravity
waves or magnetic fields being flatter, there is a decreasedfficiency of shear
mixing and an increase of the transport of chemicals by rieva circulation. In
the case of low-mass stars with a radiative core and a caneertvelope, the strong
decrease of the efficiency of shear mixing is not compendst#ue limited increase
of the transport of chemicals by meridional circulatioruléag in a global decrease
of the efficiency of rotational mixing (Eggenberger etia01@). For more massive
models with a convective core, the situation is quite défer For these stars, the
increase of the efficiency of the transport of chemicals byidimnal circulation is
larger than the decrease of the shear turbulent mixingtieguh a global increase
of the efficiency of rotational mixing (Maeder & Meyhet, 2005

3.3 Semi-convection

— Arlette Noels— Semi-convection in low mass stars occurs when the comeecti
core mass increases during M®, when thep — p chain nuclear reactions are still
an important fraction of the total nuclear energy rate. Hifscts a rather narrow
mass range contained betweenl.1 M, and ~ 1.5 M. Because of this, a-
discontinuity together with g-gradient discontinuity build up at the convective core
border, which leads to a discontinuity in the opacity, largetside the convective
core. At the convective boundary, the conditidpgq = O is necessarily fulfilled
and the layers located just outside are then such fhafy > 0. However, due
to the strong stabilizing effect of the-gradient, one still ha8l,,g < OLgx Where
OLagx Stands for the Ledoux temperature gradient containingethma inJu. These
layers are definitely not convective and only a partial adpest of the chemical
composition is assumed to take place into what is called &senvective region.

— Alessandro Bressanr— Regarding the criterion to be used for the neutral-
ity against convective instability in the semi-convectiegion (Schwarzschild,
Orag = Ua, or Ledoux,0raq = OLgx = Oa+ B/(4—3B)(dInu/dInP)) it is instruc-
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Uncertainties in models of stellar structure and evolution 11

tive to read the discussionlin Kalo (1966). He finds that theolu criterion is not
stable against overstable convectioa,growing oscillatory convection because the
medium is thermally dissipative. So the Schwarzschild @gwrdshould be applied
even in presence of a gradient of molecular weight.

— Arlette Noels— According ta Kato|(196€6), this results indeed in a chemaahl
justment such thall,,q = 04 in the semi-convective region, which means a neu-
trality towards the Schwarzschild criterion. It is impartdo recall that, on the
other hand, for a radiative layer to become convectivelytabis, the condition
Orad > OyLgx Must imperatively be met.

Semi-convection irHe-burning stars has a different origin. It occurs when the
distribution ofJ;5q With increasing fractional mass starts showing a minimuthén
convective core. It is thus impossible to fix the boundarythee at the minimum
itself sincell;3g would be larger outside the convective core than inside ahar
larger mass value than the mass at the discontinuity sinte $ayers inside the
core would be radiative (Castellani et al., 1971). Againdltual outcome of the
so-called semi-convective mixing is not known.

3.4 Thermohaline convection

— Nacdkge Lagarde— Thermohaline instability develops along the red giant
branch (RGB) at the bump luminosity in low-mass stars andhendarly-AGB

in intermediate-mass stars, when the gradient of moleauégght becomes neg-
ative (dlnu/dInP < 0) in the external wing of the thin hydrogen-burning shell
surrounding the degenerate stellar core (Charbonnel &|Z2007h,a; Siess, 2009;
Stancliffe et al.| 2009; Charbonnel & Lagarde, 2010). Thigetsion of molecular
weight is created by thBHe(3He, 2p)4He reaction (Ulrich) 1971; Eggleton etlal.,
2006,12008). In_Charbonnel & Lagarde (2010), we showed tisagfficiency in-
creases with the decrease of the initial stellar mass. Quhiis phase thermohaline
mixing induces the changes of surface abundancésief Li, C andN for stars
brighter than the bump luminosity. Our model predictiorss@mpared to observa-
tional data for lithium}?C/*3C, [N/C], [Na/Fe], 60/170, and*®0/*80 in Galactic
open clusters and in field stars with well-defined evolutigretatus, as well as in
planetary nebulae. Thermohaline mixing simultaneougtyaduces the observed
behavior of'?C/13C, [N/C], and lithium in low-mass stars that are more luminous
than the RGB bump. MoreovetHe is strongly depleted by thermohaline mixing
on the RGB, although low-mass stars remain Hé¢ producers. As a result, the
contribution of low-mass stars to the Galactic evolutioflag is strongly reduced
compared to the standard framework.

In lLagarde et al.| (2012), we have included in the galactiarabal evolution
code (see for example Chiappini et al., 2001), new stellaldgi of SHe as well
as*He andD taking into account effects of thermohaline instabilitydawotation-
induced mixing. We have compared these new prescriptiotistiveir primordial
values and abundances derived from observations of diffgiaactic regions. The
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inclusion of thermohaline instability in stellar modelsopides a solution to the
long standing 8He problem” on Galactic scale. In addition, stellar model$iding
rotation and thermohaline instability reproduce very wélservations ob and*He
in our Galaxy.

Although thermohaline instability cannot be charactetibg asteroseismic pa-
rameters, it can be identified by its effects on spectroscsjpidies, and must be
included in theoretical models to better understand steNalution of low- and
intermediate-mass stars.

3.5 Massloss

— Alessandro Bressan— Mass loss during the Red Giant Branch has been de-
scribed by a universally known empirical relation (Reiméa&r5)

M =4x 10’13L in solar units .
gR

This relation has been subsequently calibrated on Glolttiiasters through the
famous multiplicativen parameter, witly ~ 0.35. This relation has more recently
been revisited on a physical approach by Schroder & Curi@5p always aiming
at reproducing the blue part of the horizontal branch of GCs.

In the recent years it has become clear that the blue edge sfi&at due to
strong mass loss but to a high initidle content of some fraction of member stars
(see for example D’Antona etlal., 2002, 2005). In the meagtifiglio et al. (2012),
from asteroseismology of the old metal rich open cluster N8381 with Kepler,
obtained a best smaller valup~ 0.2. Recent claims by Origlia etlal. (2007) on
impulsive stochastic mass loss along a large fraction oR@B8 of 47 Tuc have not
been confirmed. Instead McDonald et al. (2011) find that afsgignt mass loss rate
is detected only in the most luminous stars of this clustéhus seems that there is
no need for a high value for thg parameter in the Reimers relation.

— Arlette Noels— What is the explanation for such a large helium abundance in
low metallicity stars in clusters?

— Alessandro Bressar- We need stars with strong second dredge-up (to produce
the largeH e enrichment), slow stellar winds (to prevent material frogmnig lost by

the star cluster) and no metal production (to avoid metatbhment which is not
observed). The most appealing solution is thus a populafiomassive AGB stars.

— Carla Cacciari— In globular clusters the mass loss prior to the HB phase is
indeed only mildly dependent on metallicity, and mostly aminosity. The few
GCs that are metal-rich and have a blue HB can be generallgiergd by a higher

He abundance, but a higher mass loss is still needed to acooutite bluest HB
stars. The Reimers mass loss law was found and calibratedmrstrs mostly of
the AGB type, and may not be adequate for Popll RGs.

— Leo Girardi— Maurizio Salaris did not mention the presence of a sigmifica
population of extremely hot HB stars in NGC 6791. They haverg small envelope
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mass, hence have lost much more mass than expected fromi@dame And if you
have those, you should also have a population of He whitefdywahich completely
missed the horizontal branch.

— Karsten Brogaard— The extreme horizontal branch (EHB) stars in the cluster
NGC 6791 are very unlikely to arise from a dispersion in mass.| This cluster
has stars only on the EHB and in the RC with nothing in betw@&sodaard et &l.,
2012). The EHB stars are much more likely to be formed by lyireolution.
One out of three stars on the EHB, observed by Kepler, is arooad binary
(Pablo et al., 2011).

— Maurizio Salaris— | completely agree that there must be a substantial popula-
tion of He core white dwarfs. My worry is that you need a vergfinning of their
initial-final mass relation to have (almost) all of thesehe bbserved magnitude of
the bright peak of the white dwarfs luminosity function.

— Corinne Charbonne}- Is the old open cluster NGC 6791 “very” massive? Does
it show evidence of multiple populations, like in globulduisters?

— Maurizio Salaris— There is a recent paper by Geisler et al. (2012) that finds
evidence of multiple populations also in this cluster : artnal” homogeneous a—

O population and a population with a spread that followsNize- O anticorrelation
observed so far only in globular clusters.

— Angela Bragaglia— In NGC 6819 there seems to be some differences between
distance and age from EB (eclipsing binary) and stellar nsodeffries et all, 2013)

at variance with NGC 6791. Is there some reason or am | remeémgbgrong?

— Karsten Brogaard— As | recall, the age and distance are consistent between

both methods :
CMD alone  — (m—M)y =1237+0.10

Eclipsing binary— (m— M)y = 1244+ 0.07.
The small difference in ages between these two methods dyrthie to difference
in the adopted distance modulus. For NGC6791|we (Brogaaatl, &¥012) did not
compare to, or derive, an age from the CMD alone.
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4 A table of uncertaintiesin global stellar properties and
theoretical models parameters as of July 2013

This table is an attempt at setting up a benchmark for thertainées on stel-

lar models structuras of July 2013This was carried out during the discus-
sions at Sesto and in the following weeks, by e-mail exchange heartily
thank all those who participated to this project. This ishaioly a too op-
timistic state of the art as of July 2013 hanks to ongoing exploitation of
CoRoT andKeplerresults, to a promised harvest of beautiful Gaia data and
the outcome of the ongoing large spectroscopic surveys GBBESGEE and
GALAH, and thanks to theoretical progress in stellar modehputations, we

do hope that it will soon be obsolete and be replaced by arsgritew version
with much smaller error bars.
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RG property Uncertainty
R ~5 %t
M ~10 %
Teft 20K2 and 70- 80K atZ.3 - much larger at lowZ (MolendaZakowicz et al., 2013
Towards 1 % accuracy (Casagrande et al., 2014)
logg 0.15— 0.20 dex from spectroscopy,
< 0.1 dex when seismic constraints are availdble
L depends onig,j5 and BC (Bruntt et al., 2010)
Yo, Helio = 0.2485+0.0034 (envelope, see Basu & Antia 2004)
Y - spread towards largat (see Secf. 3]8)
- spread towards small¥r(see Seci. 3.11.2)
Z Zewo = 0.014 (Asplund et al., 2009)
Z-oig" = 0.020 (Grevesse & Noels, 1993)low Z - highZ
Age 40%=- 15% if Z and evolutionary state are knofvn
amLT 1.7+ 0.5 (Bonaca et al., 2012) (see also Sect. 3.1.2)

1 From scaling relations (see e.g. A. Miglio et al., these peatings)

2 values as low as 20 K can only be obtained for stars similahéo3un and using a differential
analysis|(Meléndez et al.. 2012)

3 T. Morel, private communication (see also T. Morel, thesgpedings)

4 See M. Salaris , these proceedings

5 See also B. Plez & N. Grevesse, these proceedings

6 See also the discussion in A. Miglio et al., these proceesjiagd references therein
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