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STELLAR ASTROPHYSICS

Study of appearance, structure, composition and evolution of stars



Theoretical stellar models are one of the main tools to investigate 
the formation and evolution of Galactic and extragalactic stellar 
systems 

The theoretical interpretation of the current flow of high-precision 
and large-volume data requires an increased accuracy of the 
predictions of stellar model theory

Russell Smith Stellar Populations 2013 / II

Modern methods take 
advantage of the “fundamental 
principle of stellar populations”: 
regularity in stellar content.

Instead of building unresolved 
galaxy from individual stars, use 
SSPs as the building blocks. 

 Building galaxies from SSPs
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Figure 1:

Overview of the stellar population synthesis technique. The upper panels highlight the ingredients
necessary for constructing simple stellar populations (SSPs): an IMF, isochrones for a range of
ages and metallicities, and stellar spectra spanning a range of Teff , Lbol, and metallicity. The
middle panels highlight the ingredients necessary for constructing composite stellar populations
(CSPs): star formation histories and chemical evolution, SSPs, and a model for dust attenuation
and emission. The bottom row shows the final CSPs both before and after a dust model is applied.
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OUTLINE

- Pre-MS accretion

- Non-convective chemical element 
transport during MS and RGB 

- AGB evolution

- Rotational mixing and massive 
star evolution 

- SN progenitors 



In the model of magnetospheric accretion, matter from a 
circumstellar disk falls onto a pre-MS star along its 
magnetic field lines. 
The impact of the material onto the stellar surface 
produces an accretion shock, which radiates at UV  
wavelengths. The material accreting onto a young star 
also produces hydrogen emission lines that offer an 
additional tracer of accretion.

Uncertainties about disk modeling, timescales and 
mechanisms for the removal of the disk

Implications for planet-formation models

Potential for explaining discrepancy between 
cosmological Li predictions and  observations in 
PopII stars (Fu et al. 2015)

PRE-MS accretion



Kalari et al. (2015)
PMS stars in the 
Lagoon nebula 
(VPHAS+)

Beccari et al. (2015)

Trumpler 14 in the 
Carina nebula

8 V. M. Kalari et al.
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Figure 8. FWZI of H↵ line profiles measured by Prisinzano et
al. (2007; 2012) plotted against EWH↵

measured using the pho-
tometric method. All of the stars plotted were classified as CTTS
by Prisinzano et al. (2007;2012) based on the measured H↵ FWZI
and line profile. We find that almost all these stars are in emission
in the VPHAS+ sample, but a significant majority of them are
below the minimum EWH↵

threshold for CTTS (dashed line).
We find no relation between H↵ FWZI and EWH↵

.

Intensity (FWZI) of the H↵ line to do so. They argue that
broad emission due to accretion can be separated from any
narrow nebular contamination using the FWZI parameter.
Prisinzano et al. (2007) classify 31 of the 95 stars for which
they present H↵ spectra as CTTS (Fig. 8) purely based on
the FWZI value if the H↵ line is in emission. 30 are identified
as having H↵ in emission in our sample, although slightly
less than half are below the spectral type-EWH↵

selection
criteria we apply to identify CTTS. We find no correlation
between the H↵ FWZI and EWH↵

. Prisinzano et al. (2012)
used new H↵ multi-slit observations to add a further 16
accreting stars to the sample of Prisinzano et al. (2007),
which are also shown in Fig. 8. All of these stars have H↵
in emission, but around a third of the sample fall below the
spectral type-EWH↵

selection criteria. In short, our method
can reliably identify H↵ emission in all stars that have been
previously classified as H↵ emission-line stars using spectra.
We stress that although the FWZI of the H↵ line is a good
identifier of accretion, but may not be an accurate measure
of the accretion rate in CTTS (White & Basri 2003; Costi-
gan et al. 2014).

The comparison of our sample with literature H↵ emis-
sion line star lists suggest that all known CTTS sources
within the VPHAS+ dynamic range can be reliably re-
covered. We identify a total of 235 CTTS candidates over
our area of study, which contains at least 170 new accret-
ing sources that represent ⇠ 200 per cent increase in known
CTTS stars within the region. The area covered by this
study is significantly larger (around 3.5 times) than previous
photometric searches for PMS stars in the Lagoon Nebula
(see Tothill et al. 2008 for a summary). We conclude that the
uniform expansive sky coverage, and photometric depth af-
forded by the VPHAS+ survey can homogeneously identify
a substantial number of CTTS candidates; and the photo-
metric method estimates the EWH↵

accurately in compari-
son with intermediate-resolution spectroscopy.

4 RESULTS

In the current accretion paradigm, it is assumed that the
stellar magnetosphere truncates the circumstellar disc at an
inner radius (Hartmann 1994; Muzerolle, Calvet & Hart-
mann 1998). Gas flows along the magnetic field lines at this
truncation radius, releasing energy when impacting on the
star. It is generally accepted that the accretion energy goes
towards heating and ionising the gas, and that the accretion
luminosity (Lacc) can be measured from the reradiated emis-
sion line luminosity (Calvet & Gullbring 1998; Hartmann
2008). The Ṁacc can then be estimated from the free-fall
equation:

Ṁacc =
LaccR⇤

GM⇤

 
Rin

Rin � R⇤

!
. (2)

M⇤ and R⇤ are the stellar mass and radius respectively. Rin

is the truncation radius.

In this Section, we estimate the stellar and accretion
properties of our candidate CTTS based on the magneto-
sphere accretion paradigm. In Section 4.1 we estimate their
stellar masses and ages. We estimate their Ṁacc based on
their EWH↵

in Section 4.2 and u-band excess in Section 4.3.
We discuss their near-infrared properties in Section 4.4. The
caveats, completeness and contamination of our sample are
discussed in Sections 4.5-4.8.

4.1 Stellar properties

4.1.1 Mass and age

The mass (M⇤) and age (t⇤) of each star is estimated by
interpolating its position in the observed r versus (r � i)
CMD with respect to PMS tracks and isochrones (Fig. 9).
Siess, Dufour & Forestini (2000) solar metallicity single star
isochrones and tracks were employed as they cover the mass
and age range of our sample. The isochrones were reddened
assuming the mean reddening E(B � V ) = 0.35 following a
reddening law R

V

= 3.1 (see Section 1). The systematic dif-
ferences that would arise on adopting di↵erent stellar mod-
els are discussed in Section 4.6.1. The tracks and isochrones
were converted from the luminosity- temperature plane to
the colour-magnitude plane using the colour equations of
Jester et al. (2005).

Fig. 10(a) shows the luminosity function of our sample.
The interpolated mass distribution of our candidate CTTS
is plotted in Fig. 10(b). All our candidate CTTS have masses
between 0.2 - 2.2M�. The mass distribution shows the ex-
pected increase towards lower masses, peaking at 0.35M.
The mass cut-o↵ and steady decline in sub-solar mass below
0.3M� is expected because of the limiting magnitude.

The ages of stars in our sample range between 0 - 9 Myr,
with 95 per cent of stars having an age less than 2 Myr
(Fig. 10 b). Few stars fall beyond the 30000 yr isochrone.
For these stars, age estimates represent an upper limit. The
median age of our sample is 0.85 ± 0.6 Myr. This agrees with
the main-sequence lifetime of the early-type stars found in
the region (Tothill et al. 2008). In particular, 9Sgr (O4 V;
Walborn 1973) and H36 (O7V; van Altena & Jones 1972)
are two prominent O-type members still lying on the zero-
age main sequence (ZAMS), and are expected to evolve o↵
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the ZAMS after 1-3 Myr. Chen et al. (2007) measured an
intrinsic velocity dispersion of 8 km s�1. Assuming this as
an expansion velocity, Tothill (2008) calculated a dynamical
age of 1 Myr. Furthermore, the age of the PMS stars that
have X-ray emission (Damiani et al. 2004) or H↵ emission
(Sung et al. 2000; Arias et al. 2007) are estimated to be
around 1 Myr.

We caution the reader that higher mean age estimates
(> 2 Myr) for the general population of stars in the Lagoon
Nebula have been measured in the literature. In particular,
Walker (1957) and van Alten & Jones (1972) suggest an age
estimate ⇠ 3 Myr, although both of these studies only fit
a ZAMS and use a distance modulus of around 11.5 mag.
Recent works by Mayne et al. (2007) and Mayne & Nay-
lor (2008) use the CMD diagram to build a relative age
ladder, and obtain an age of 2 Myr. Also, van den Ancker
et al. (1997) find a highly probable member with an age of
15 Myr and suggest a prolonged period of star formation tak-
ing place within the Lagoon Nebula. The evidence for this
remains unclear. The study by Prisinzano et al. (2005) dis-
cussed the possibility of an age spread, by comparing their
optical sample with the X-ray identified PMS stars of Dami-
ani et al. (2004). They find a median age of 2 Myr using their
optical sample, with the older stars preferentially located to
the northeast, and younger stars located to the south and
west. In our sample, higher or lower ages may be estimated
for a few stars because the assumption of uniform distance or
extinction may be inappropriate, or because they are non-
members and not representative of the age of the sample.
Since our study is limited to an assumption of uniform ex-
tinction and no strict membership tests barring the EWH↵

criteria, we cannot di↵erentiate between ages that are in-
correct due to these e↵ects or genuinely older. Therefore,
we cannot confirm or rule out the presence of a true age
spread, and further data on cluster membership is required
to explore this possibility.

Finally, we stress that the precise ages of individual
stars derived using isochrones may be uncertain, as most of
our stars are around one million years old. At this point in a
star’s evolution, age determinations using stellar isochrones
are imprecise because the age is thought to be still depen-
dant on the accretion history and stellar birthline correc-
tions. However, the median age of the CTTS population
(⇠ 1 Myr) is relatively accurate given large number statis-
tics, and the fact our result agrees well with age estima-
tions based on the expansion velocity (Chen et al. 2007)
main-sequence lifetime of OB stars, and literature age es-
timations of the pre-main sequence population (Sung et al.
2000; Damiani et al. 2004; Arias et al. 2007).

4.2 Accretion properties

4.2.1 H↵ line luminosity

The H↵ line flux (FH↵

) is calculated by subtracting the stel-
lar continuum flux (Fcontinuum) from the total flux in the
H↵ band (Ftotal). The total H↵ flux (Ftotal) is given by the
unreddened H↵ magnitude (mH↵

) according to the relation,

Ftotal = F0 ⇥ [10�0.4(mH↵+0.03)]. (3)

mH↵

is the unreddened H↵ magnitude. F0 is the band-
integrated reference flux. For the VPHAS+ H↵ filter,

F0=1.84⇥10�7 ergs cm2 s�1. Ftotal is a sum of the contin-
uum (Fcontinuum) and line flux (FH↵

).

FH↵

= Ftotal � Fcontinuum. (4)

Following from equation 1, equation 4 can be written as

FH↵

= Ftotal ⇥ �EWH↵

/W
1 � EWH↵

/W
. (5)

The line luminosity is given by LH↵

:

LH↵

= FH↵

⇥ 4⇡d2. (6)

Here the distance d= 1250 ± 50 pc. Contamination from
N[II] �� 6548, 6584 is excluded by assuming it causes 2.4
per cent of the H↵ intensity (De Marchi et al. 2010).

4.2.2 Accretion luminosity (Lacc)

Measurements of Lacc from UV continuum spectral mod-
elling in the literature (Sicilia-Aguilar, Henning & Hartmann
2010; Herczeg & Hillenbrand 2008; Dahm 2008; Hartigan &
Kenyon 2003) were plotted against LH↵

by Barentsen et al.
(2011). A power law relationship, Lacc / LH↵

� was found,
having an index � = 1.13, consistent with the accretion mod-
els of Muzerolle et al. (1998). Based on results of Barentsen
et al. (2011), we assume:

log Lacc = (1.13 ± 0.07)log LH↵

+ (1.93 ± 0.23) (7)

log Lacc and log LH↵

are measured in units of solar lumi-
nosity, L�. The root mean scatter = 0.54. The scatter in
the observed relationship is likely caused by a combination
of circumstellar absorption, uncertain extinction and line
emission caused by processes other than accretion.

4.2.3 Mass accretion rate Ṁacc

Ṁacc are estimated from Equation 2. We adopt
Rin = 5 ± 2R⇤ from (Gullbring et al. 1998; Vink et al.
2005). The resultant distribution of mass accretion rates are
plotted in Fig. 10(d). The median Ṁacc is 10�8.1 M�yr�1.
Our results are given in Table 4.

4.3 Comparison between u-band and H↵ mass
accretion rates

91 candidate CTTS have ugr photometry from the blue data
set meeting our selection criteria. Four stars do not show any
measurable UV -excess in the (u � g) vs. (g � r) diagram,
and have EWH↵

>�20 Å. We discuss them in more detail in
Section 4.8. For the remaining stars, we measure Ṁacc from
the excess ultraviolet emission (Gullbring et al. 1998).

Similar to the method described in Section 3, the (g �
r) colour is used to estimate spectral type, while the (u �
g) colour is the measure of UV-excess due to the accretion
process. The UV-excess stars are shown in Fig. 11(a). The
excess flux in the u-band (F

u,excess) is:

F
u,excess = F0,u

⇥ [10�u0/2.5 � 10�(u�g)model+g0)/2.5]. (8)

F0,u

is the u-band integrated reference flux. u0 and g0 are
the observed dereddened magnitudes, and (u�g)

model

is the
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in r, i, and H↵ respectively. Using the reddening and dis-
tance corrections of Section 4.1, this translates to a limit of
about 0.3M� in the r versus (r � i) CMD. This limit can
be seen in the histogram of derived masses (Fig. 10b).

In reality, the completeness of the final sample of CTTS
is also a↵ected by the EWH↵

selection criterion. The EWH↵

selection criterion is designed to exclude interloping chro-
mospherically active late-type stars. As a result, the EWH↵

selection threshold is larger than the lower limit of EWH↵

in CTTS (see Sec. 3 and White & Basri 2003). To estimate
the number of CTTS missed due to our adopted selection
threshold, we must first estimate the total number of La-
goon Nebula members in the mass range we observe, and
then estimate how many of them are accreting, i.e. CTTS.

The total number of stars in the mass range we observe
(0.2 - 2.2M�) can be estimated from the initial mass func-
tion, provided the slope, maximum stellar mass and total
cluster mass of region is known. We adopt the results of Pris-
inzano et al. (2005), where the authors find a power law in-
dex of 1.22±0.17, and a total cluster mass of ⇠930M�. The
maximum known stellar mass in the region is 20M� (Wei-
dner & Kroupa 2006). Based on these results, we estimate
that ⇠ 560, 260, and 40 Lagoon nebula members are present
in the 0.2-0.4M�, 0.4-1M�, 1-2M� mass ranges respec-
tively. Prisinzano et al. (2007) find that around 40 per cent
of member stars in the Lagoon Nebula are actively accret-
ing at a given time, i.e. are expected to be identifiable as
CTTS. Combining these results with the estimated number
of members, we can estimate the total number of CTTS in
the Lagoon Nebula. Comparing this estimated number with
our sample, we find that our sample is complete up to 60, 90
and 50 per cent in the 0.2-0.4M�, 0.4-1M�, 1-2M� ranges
respectively.

4.8 Contaminants in our CTTS sample

The positions of the H↵ identified sample of CTTS in the
near-infrared and (u � g) vs. (g � r) colour diagrams con-
cur with the expected positions of CTTS. The Ṁacc mea-
sured from H↵ agrees well with those measured using u-
band photometry. No stars in our sample have positions be-
yond the 10 Myr isochrones, with an overwhelming major-
ity falling around the 1 Myr isochrone suggesting that back-
ground/foreground contamination in our sample is small.
This fact, along with the multiple signatures of disc accretion
are highly suggestive that the vast majority of our candidate
CTTS are genuinely accreting. Moreover, the EWH↵

crite-
rion is designed to exclude the expected interlopers such as
late type stars whose EWH↵

is due to chromospheric activ-
ity. However, we do not explicitly select for cluster member-
ship (using for example proper motions). There are only four
stars (out of 91) that are accreting in the (r � i) vs. (r�H↵)
diagram and not accreting in the (u�g) vs. (g� r) diagram.
Neglecting that such a change is due to accretion variability
it is possible that these stars may be foreground unreddened
late-type stars. Due to the nebulosity, background stars are
not expected to be found (see Section 1).

If we assume that the fraction of H↵ emission stars not
showing any u-band excess are field stars, then our contami-
nation rate is ⇠ 5 per cent. The fact that these stars may not
be accreting is strengthened by the fact that most of these

�0.6 �0.4 �0.2 0.0 0.2

log M� (M�)

�10.0

�9.5

�9.0

�8.5

�8.0

�7.5

�7.0

�6.5

lo
g
Ṁ
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Figure 16. The distribution of Ṁacc with stellar mass (M⇤) of
CTTS is shown by blue crosses. The best-fit power-law is given by
Ṁacc / M⇤2.14±0.3. Red arrows give the lower detection limits.

stars do not show atypical near-infrared excess. Note that
there is no preferential spatial location for these stars. On
the other hand, if we take the number of stars falling at the
MS locus in the near-infrared to be contaminants, then our
contamination rate ⇠15 per cent. However, a few stars that
posses discs and are still accreting may not show infrared
excesses due to variations in inclination angles (Meyer et
al. 1997), or because they might be accreting from a debris
disc. Moreover, it is di�cult to di↵erentiate CTTS using
near-infrared colours alone, as the median (H � K) colour
disc excess from the UKIDSS survey in the near-infrared is
only slightly larger than atypical main sequence colours (Lu-
cas et al. 2008). In reality, our contamination rate is most
likely somewhere in between ⇠ 5 - 15 per cent, and the to-
tal number of contaminants is expected to be around 10-30
per cent.

Our estimations suggest that our sample is clean, and
complete to a su�cient degree to estimate the statistical
properties of the PMS stars within the Lagoon Nebula.

5 ṀACC AS A FUNCTION OF STELLAR MASS

The Ṁacc rate is plotted as a function of M⇤ in Fig. 16. We
employed survival analysis linear regression using ASURV
(Lavalley et al. 1992) to account for the lower detec-
tion limits in fitting a power law function over the entire
mass range. The lower limit of non-detections is calculated
adopting the EWH↵

selection criterion for all points on
an 1 Myr isochrone. We found the best-fit power law in-
dex ↵ = 2.14 ± 0.3. Not including the lower limits lead to
slightly steeper slope. This strong dependence is well docu-
mented in a few star forming regions over a wide range of
masses (0.1-3 M�; see Muzerolle et al. 2003; Natta et al.
2006). The median ↵ ⇠ 1.8-2.2 (Hartmann et al. 2006), al-
though much steeper (Fang et al. 2009) or shallower values
(Barentsen et al. 2011) have also been found.

It is important to consider the observational selection
e↵ects that may a↵ect the observed relation (Clarke &
Pringle 2006; Da Rio et al. 2014). The lack of T Tauri can-
didates at the lower mass end in Fig. 16 is due to the data

c� 2014 RAS, MNRAS 000, 1–23
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Spatial distribution of accretion rates

WARNING: episodic early 
accretion (if true)  and/or 
starspots can affect the 
pre-MS tracks (Baraffe & 
Chabrier 2010, Somers & 
Pinsonneault 2015) 

Star formation in the Local Group as seen by low-mass stars Guido De Marchi

Figure 6: Run of the “effective” mass accretion c as a function of the metallicity for the regions that we
have studied so far (as indicated), having assumed a = −0.5 and b = 1.5 for all of them. Although the
uncertainties on the individual c are not negligible, the indication is rather clear that the mass accretion
rate is higher in environments of lower metallicity. The simple fit shown by the dashed line corresponds to
c ∝ Z−1/3.

rate: inverting Equation 4.2 one sees that, as mentioned above, c is the mass accretion rate of a star
with mass 1M⊙ and age 1Myr.

A preliminary comparison of NGC346 and NGC602 with the results that we obtain in the
SN 1987A field (De Marchi et al. 2010; Spezzi et al. 2012), in 30Dor (De Marchi et al. 2011c,
and in preparation), of NGC3603 (Beccari et al. 2010, and in preparation), and of Trumpler 14
(Beccari et al. 2015) shows that using approximate values of a=−0.5 and b= 1.5 still results in a
satisfactory multivariate least-square fit. In other words, while the best-fitting relationship between
mass accretion rate, stellar age and stellar mass for each individual region has different values of
a and b, we can constrain these parameters to take on the values of a = −0.5 and b = 1.5 with
still acceptably small residuals for all regions simultaneously. In this case, we can then look at the
values of c to explore the dependence of the mass accretion rate on the environment.

The resulting values of c are shown in Figure 6 as a function of the metallicity Z of each
region, showing a rather remarkable correlation. A simple linear fit suggests that c ∝ Z−1/3. We
can, therefore, rewrite Equation 4.2 in an approximate form as:

logṀacc ≃−
1
2
× logt+

3
2
× logm−

1
3
× logZ−7.9. (4.3)

These results are necessarily still preliminary, since they are based primarily on observations
obtained in dense regions of intense star formation. We have already secured HST observations
of other more quiet and diffuse regions of star formation in all three these galaxies, in order to
investigate how the properties of the environment affect the mass accretion process.

In fact, we have already traced the effects that nearby massive stars can have on the photoe-
vaporation of circumstellar discs, even in the MCs. For instance, in the field of SN 1987A we find a
clear anti-correlation between the frequency of∼ 14Myr old PMS stars and their distance from the
massive ∼ 2Myr old ionising objects in the field. This effect is not seen for non-PMS objects of
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Figure 1. (Left) (top) Lithium abundance in the Hyades versus effective temperature (open
symbols, data from Burkhart & Coupry 2000) plus model data (filled symbols). Circles: models
where internal gravity waves (hereafter IGWs) are negligible. Squares: models where IGWs are
significant (Charbonnel & Talon 2005; Talon & Charbonnel 2005). (bottom) Rotational velocity
in the Hyades - unprojected (open symbols, data from Gaigé 1993) plus model data (filled
symbols). (Right) (top) Lithium abundance plus approximate dependence of surface braking
on effective temperature and the requirements for angular momentum transport for rotational
mixing to lead to the formation of the lithium dip (Talon & Charbonnel 1998). (bottom) Filtered
angular momentum luminosity of waves below the SLO measuring the efficiency of wave induced
angular momentum transport. Adapted from Talon & Charbonnel (2003).

the Li dip. Similarly, Richard et al. (priv. comm.) have to change the ad-hoc turbulence
they add to reduce atomic diffusion by an order of magnitude along along the Li dip.
The strong variation of these fudge factors is actually an indication that the physical
processes at play inside these stars change in that region.

1.2. A link with the Sun’s rotation
The proposition by Talon & Charbonnel (1998) may be linked to another observation that
fails to be reproduced by the pure hydrodynamic models, namely the flat solar rotation
profile revealed by helioseismology (Brown et al. 1989; Kosovichev et al. 1997; Couvidat
et al. 2003; Garćıa et al. 2007). At the solar age, models relying only on turbulence and
meridional circulation for momentum transport predict large angular velocity gradients
that are not present in the Sun (Pinsonneault et al. 1989; Chaboyer et al. 1995; Talon
1997; Matias & Zahn 1998). This indicates that another process participates to the
transport of angular momentum in solar-type stars.

Two candidates have been examined. The first rests on the possible existence of a
magnetic field within the radiation zone (Charbonneau & MacGregor 1993; Eggenberger
et al. 2005). The second invokes traveling internal gravity waves (hereafter IGWs) gener-
ated at the base of the convection envelope (Schatzman 1993; Zahn et al. 1997; Kumar &
Quataert 1997; Talon, Kumar & Zahn 2002). For either of these solutions to be convinc-
ing, they must be tested with numerical models coupling these processes with rotational

Diffusion and more in  
open clusters. An 
example Hyades

Charbonnel & Talon (2009)
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More rotational mixing and 
Li destructions
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waves 
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Bottom H-burning shell at δm=0



Tautvaisiene et al. (2015)

(GAIA-ESO)

!! Free parameters !!

Mikolaitis et al. (2010)

RC star 
abundances in 
open clusters

Just convection

One flavour of 
extra-mixing 
model



UNCERTAIN !!!!!Mass loss, boundaries of convection

AGB stars



Rosenfield et al (2014)
Four different prescriptions for mass loss before 
the TPs (1 and 2 M⊙ models) (Z=0.001)

Red àC-star

Mass loss 

VMC

Gullieuszik et al. (2012)

C-stars

O-stars



Salaris et al. 
(2014)

Integrated 
near-IR 
colours of 
stellar 
populations 
dominated by 
AGB stars



Doherty et al. (2014)

Super-AGB models only

Z=0.001
M=6.5, 7.0, 7.5 M⊙

V13 M=6.0, 6.5 ,7.0, 7.5 M⊙

S10 M= 8.0, 8.5, 9.0 M⊙

Uncertain yields



Rotation of massive stars
Strong horizontal turbulence
(Zahn 1992)

Standard 1D stellar evolution equations with the addition of ‘form factors’.
Radius of the sphere the encloses the same volume as the corresponding isobar
Thermodynamic quantities are mean values over an isobar 

Chemical element transport 

Angular
momentum transport

Ω=angular velocity on an isobar

U2=radial component of the 
meridional circulation velocity

2D simulations by Rieutord et al. 
do not confirm the shellular
rotation approximation

Asteroseismic data show that the 
inner rotational profile of low-
mass red giant branch stars is 
much flatter than predicted by 
rotating models



Chieffi & Limongi
(2013)



Effect of different angular momentum and 
chemical diffusion efficiencies

Dchem=Dshear + Deff

Dang= Dshear

Horizontal 
diffusion

Meridional 
circulation

Meridional circulation
(radial component)

Meynet et al. (2013)



Meynet et al. (2013)

Different combinations of:
i) Two prescriptions for vertical shear diffusion coefficient  Dshear (1 and 2)
ii) Three prescriptions for horizontal shear diffusion, Dh (A, B, C) 

Dh controls the efficiency of mixing in regions with strong μ gradients (e.g. The 
edge of convective H-core during MS)

Dshear controls the efficiency of mixing in regions with weak or vanishing μ
gradients

No 
rotation

Log(Teff)=4.48

MS lifetimes vary 
within ~ 15%, 
comparable to the 
effect of neglecting 
rotation



Evolution of 
surface N/H 
ratio

He-burning 
phase

The outputs most 
affected by these 
different prescriptions 
are the shape of 
evolutionary tracks, 
blue-to-red evolution, 
surface enrichments.



SN progenitors Observers’ SN 
classification



Georgy et al. 
(2009)

Theoretical 
predictions for the 
progenitors

They are essentially based on 
assumptions about how the surface 
chemical composition of the models maps 
onto the observational classification

Heger et 
al. (2003)



Core collapse events

Determining factors from the progenitor evolution

Initial mass 
Mass of CO core at collapse
Rotation and magnetic fields
Stellar density profile

Light curve and spectral evolution
Explosion energy and nucleosynthesis
Type of remnant 



Is this matching correct?
Critical parameters in the models are 
mass loss, convective mixing, treatment 
of rotational mixing (and magnetic 
fields?)
Binaries?                      (PESSTO)



CONCLUSIONS

“During the last couple of decades, it became obvious that the art of 
modeling stars in the 21st century relies on the art of modeling transport 
processes” (angular momentum, chemical elements - Talon & Charbonnel

2009)

The current generation of 1D (non-hydro) stellar models is limited by 
some long-standing, well-known shortcomings that need to be addressed 
systematically. 

Observational constraints (like those coming from the ESO public surveys 
discussed at this conference) are crucial to constrain the existing models, 
to highlight the need to include additional physical processes and more in 
general to help identifying the necessary methods towards the creation of 
the next generation of stellar models that can meet the new observational 
challenges  




