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Why do we care about Mass

Massive stars play e fundament al rol e 1n
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A goodknowledgeof the evolution of thesestarsis requiredin order
to shedlight onmanyastrophysicalopicalsubjects




Massi ve Star s

Massi ve 98if)argso (tM> ough al l the -degéearabernin
environment and eventwually explode as Cor
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Massi ve Star s: DI sti nct i

Massi ve Atxatrasr i n which the central temperature
degeneracy never takes pl ace

M > 9 M,

® Hightemperaturesare achievedhat all the nuclearburning from H to Si, go tocompletionand
eventuallya Fe coresformed A production ofall the elementswith 4<Z2<38

© Strong neutrincemissionfrom pairsproductionA dramaticreductionof the nuclearburning
lifetimes

® Strong Mass Loss
® Chaoticevolutionof the interior with formation of severalandoverlappingconvectivezones

® Fe corebecomeaunstablecollapsego nucleardensity rebouncesandlaunches shockwavethat
drivesthe explosionof the starA Massivestarsare theprogenitorsof Core CollapseSupernovae
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The | ower end of Ma S SI VE

In stars with M < 9.22 Mthe temperature does not reach the threshold value for the ignition of Ne burning

The. P12l s t he | ower | I mi t of Massi ve S

Of-dent eirgnNet i on 9 .n2 B/ tMarls2 wi t h

Li moreqoiy 4 Mi ni mum CO -€gnetdFlon3MNEMyyz1. 3M 9

MASSIVE MASSIVE

--- CO

— ONeMg

-e- Ne—ignition
- 1TP

—e- He depletion

O
o

—e— C ignition

o
~

Core Mass (Mg)

—e— Ne ignition

~—~
©
=
~
et
R=
O
a
-
ke,
=
-
o

o
N

10 11
Initial Mass (M Initial Mass (M
o) ®




The | ower end of Ma S SI VE

Ne ignition in a degenerate environment induces a progressive increase of T and L

A convective zone I s for med

Temperature I ncreases to the threshol d
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Because of the efficient el ec-tenhecapBNelO©ebur hnhhe
the convect826&Ss h3htd ar e

The efficiency of the electron captures, however, decreases as the initial mass of the star in
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The | ower end of Ma S SI VE

At variance with off center C burning, no hybrid core is formed as a result of the offnter Ne ignition. All
of the stars that ignite of€enter Ne burning form an Qlepleted core;i.e., in all of these models, théle
burning front reaches the center

Chemical compeshtauehedf cohe ©®trongly depends
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The lower end of Massive Stars
All the stNer itghmitt @ ganlict@an tSer banr nc elgdcroa lfelf ya)n,d ©CeGxBpheoac
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Open gqguestion: The comparesupsStsa@dé am

- Following core Si burning a Fe core is formed that becomes unstable, collapses, reaches
the nuclear densities, rfbounces and produces a shock wave that is powered by the
neutrino energy deposition and that ultimately drives the explosion of the star

-Few sel f 3Dc omosdiesltse mti t h t he most sophisticated
and neutrino transport can obtain the expl osi

-Even i n the most favorable case, the explosio
tremendous demand of computer ti me

-l ncreasing interest 1 n the | &@kotn nyoeraz2& )l dtnt t he
I n or der teox pplroeddeai bcial ittadyesi ve st ar without maki:
simulation of the explosion

m /Mg

Sy = r(m) /1000 km




ThEompacafmedassi ve Stars

-Basic idea: the |l arger I s the compactness pa
where the compactness must be evaluated?

which I s the c¢critical val ue for t he
O onnor 20 )01t t (

Outcome of Core Collapse (neglecting fallback, moderately-stiff EOS)

D Explosion at {»5 < 0.45 . BH Formation at ¢, 5 = 0.45 BH
Metallicity Fraction
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ThEompacafmedassi ve Stars

The use of tpheer aamaaipeartbterassr i ti cized by vari ou:
this is not the only property oefx pad ongasbsiglviet yst :
Per 30 1Er+2I0 1E6b i mg @ 2EOr+210 20 Bur 2 @ @ +

Ot heri toikexrpilao doaabsieldi toym di f ferent properties of
(seeEr+2I0dBoc e ORPBon t hE® hagdiroodygfnami c al si mul a

Stateof-the-art 3D simulations have shown that further research must be conducted in order
to find an effectiveexplodabilitycriterion (Burrows+ 2020)

Regar dl| ex9 | ofdoatodild] ietmyy t he compactness of a mas
properties that <certainly plays a pivotal rol




Convection

occurring during the late stages of core He burning

Convecti M&ACE®Ore due to the conversi ol

When <Hetlhe enri chment of core He pr o
convective core, even by a small amol
energy generation that i n turn drive:

core
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Convecti on

S not possible to determine, based on

mber of AGB stars
mber of HB stars

sensitive he presence/ absence of
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ABSTRACT

The treatment of convective boundaries during core helium burning is a fundamental problem
in stellar evolution calculations. In the first paper of this series, we showed that new aster-
oseismic observations of these stars imply they have either very large convective cores or
semiconvection/partially mixed zones that trap g modes. We probe this mixing by inferring
the relative lifetimes of asymptotic giant branch (AGB) and horizontal branch (HB) from R;,
the observed ratio of these stars in recent HST photometry of 48 Galactic globular clusters.
Our new determinations of Ry are more self-consistent than those of previous studies and
our overall calculation of R: = 0.117 £ 0.005 is the most statistically robust now avail-
able. We also establish that the luminosity difference between the HB and the AGB clump
is A log LASE = 0.455 £ 0.012. Our results accord with earlier findings that standard models
predict a lower R; than is observed. We demonstrate that the dominant sources of uncertainty
in models are the prescription for mixing and the stochastic effects that can result from its
numerical treatment. The luminosity probability density functions that we derive from obser-
. . vations feature a sharp peak near the AGB clump. This constitutes a strong new argument
|- : : : C T c ’ against core breathing pulses, which broaden the predicted width of the peak. We conclude
- S un d q ll |9 Q '6 + : “Thal The two mixing schemes that can match the asteroseismology are capable of matching

| _ 1 [ | I I A

globular cluster observations, but only if (i) core breathing pulses are avoided in models with

a semiconvection/partially mixed zone, or (ii) that models with large convective cores have a

0 1 particular depth of mixing beneath the Schwarzschild boundary during subsequent early-AGB
B-1) ‘pravonuclear’ convection.
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Convecti on

Car BOxnygen shell merger i n massive st
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Since It i1s not 10 osutnadl Isayrs tmoada lisc adfl ymasnsi ve st ar
Ait is not clear whether shellD merging is |
model s, or this phenomenon is al so expect e

. A it leads to a stochastic behavior of the compactness as a function of the initial mass




Convecti on

Car BOxnygen shell merger i n massive st

Rizz20P 4 (

a360n1024 s Substanti al d BOF fadibdemac ksl et w

Limitations due to the very high computational cost required for
running multidimensional simulations

a6ln256

AVery small nuzbkear adepwedkf 6r
the nuclear energy generati on
phenomenon

A Not conclusive results because

ALimited spatial resolution and
1D MESA

A 1D models still remain the main tools for drawing an overview of
evolutionary properties of stars in a wide range of initial masses anc
for predicting and explaining the evolution of stellar populations




The Compactnes®f Massive Stars

-Detailed study of the evolution a0 .Mia)s s(i YSeRBL&AIr &+
SukhRdIlB&and a mor e s opreixptliod@at& Ldryi t eri on f or

Ertl + 2016 criterion
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Core He Depletion : . Presupernova Stage
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Opewesti Dme nat a maafotf eatxhpelh@s 1 0 n

A Which is the masses of the remnants as a function of the initial mass,
metallicity and rotation velocity?

AWhich is the maximum BH that can be for me

Fundamental questions in the context of

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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OpeQuesti Dme nat a maafatt eetxhpeln@s 1 o n

A Which is the masses of the remnants as a function of the initial mass,
metallicity and rotation velocity?

AWhich is the maximum BH that can be for me
Assuming that above a critical I ni ti al mas s
AWhich is the maximum initial mass that di

A Which is its total mass at the time of the collapse?

AWhich are the conditi o®€L0t? form stell ar
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Open Question The nature of theemnantafter the explosion
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Sol ar Metallicity the mass | oss is efficient

It is unlikely to f4o0Mim BH more massi vV




LoWMet alnloiRoit taila cheiPlrse s upEvoalow@ai on
Mass | oss reduces dramatically as the

[ Fe lOH] = [Fe/H]=-2

[ Fe/ H] =-lLog(( Fe/l Hi))




