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Overview

e Evolution of massive stars

e The Stellar Zoo

e Peculiarities of the different
mass regimes



Setting the Stage:

Stellar
Evolution



log central temperature (K)

Once formed, the evolution of a star is governed by gravity:
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Evolution of
central
density and
temperature
of 15 Mg

and 25 Mg
stars



Nuclear burnin
(20 Mg, stars)
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Mufti-Dimensional Convection

| Mean Shear Flow
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Stratification

(Meaken & Arnett 2007)



Multi-Dimensional Convection

Velocity [1e+4 emy/s]
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Explosive Nucleosynthesis

in supernovae from massive stars
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“Relocation” of the y-process

y-process can be made in implosive O shell burning, but peak
abundance is destroyed by SN and recreated further out
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Cumulative Distribution

Vinit/VK

Rotation

1.0
0.8

0.6 —

-

Beta
Gamma

oe— [/ -~ =eea- Maxwell
(Yoon & Langer 2006;
o, data from Mokeim et al. 2006)
Co 100011 | IIIIIIIII I IIIIIIIII | IIIIIIIII I lllllllll
0.0 0.1 0.2 0.3 0.4 0.
vsini/ vy
Z=0.001
08 BIHl | IS [ D I | T I T T T I\\I = | | P ] el Bl e Bl el o | | P P vl e e o] Do |
— K =
SNy 1 Z=0.001
‘\
) _
0.6 GRB y _|
(SNIb ?) _ k. BH (SN Ic) il
i > GRB ¥ _

% \
%(SNIc 2)s

04_ \ ot |
I i
0.2 ! —
I SN II ;
] i BH (SN 1I)
)
- i i
1
0.0 | I Y A I | | | ) I I Iy | I IS I [ I | | I I Y [ I ) |
10 20 30 40
Minit [MO]

50

Black Holes
and GRBs from
Rotating Stars

A small fraction of single stars is
born rotating rapidly

The fastest rotators evolve
chemically homogeneously,
become WR stars on the MS, and
may lose less angular momentum.

(Yoon & Langer 2006)



Final fates of rotating massive Pop |l stars
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Intrinsic probablility density
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Evolution of
Non-Rotating
Singe Stars




Current Questions

Evolution of ...
* Lowest-mass supernova progenitors (Jones)
* “Normal” massive stars

* High-mass supernova progenitors (Yoshida)



Lowest-Mass
Massive Stars




Low-Mass Pre-SN Structure
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The Lowest Mass Core Collapse SNe

4 6 8 10
M/Me (Poelarends, Herwig, Langer, Heger 2007)



Metallicity-Dependence

of Lower SN Mass Limit
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‘“normal”’
massive
Stars



~ 12C Production
" as a function
of *C(a,y) and
3a reaction
rates

Carbon mass
fraction at the end
of helium burning
depends the
reaction rates and
the mass of the star

~2000 stellar
models

(West+ 2013)



Deviations from solar production
as a function of '’C(a,y) and 3a reaction rates
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A “valley”
of good
production
can be
found —
some
degeneracy
in the rates,
though a
shift in
“reference”
mass
OCCurs.

Triple—a Rate Multiplier

0.5 1.0 1.5 2.0
“C(a,7)"0 Rate Multiplier  (West+ 2013)
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Sensitivity of “Compactness” to Initial Mass
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Sensitivity of “Compactness” to Codes
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Mass Loss due to Giant Eruptions?

op

——» Type lIn SNe
and SN2006gy

How do the most massive
stars evolve?

* Reduced mass loss on the main sequence followed
by LBV & giant eruptions?

 What are these eruptions?
(physics, number, recurrence)

* When do they occur?
(internal evolution stage?)

* How do we model these eruptions?

* Pulsational Pair-Instability Supernovae (PPSN)?




The Most Massive Stars Today
R136

3l *young massive star
cluster

 Age around 1.5 Myr

e Star “a1”:
maybe 200 M

initial mass

(Crother et al. 2010)
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PSN observed?
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R-band Magnitude
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Mixing in 25( M@.\Pair-SN

(Ken Chen 2011)
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Stellar
Forensics










Conclusions

The Evolution of Stars, especially of massive stars that
make supernovae, is far from being a closed chapter.

 Uncertainties in Fates of massive stars also come from
uncertainties in their initial properties: mass, rotation, binarity

 Significant uncertainty still exists in the modeling of the stellar
physics, including rotation, mixing processes, binary star
evolution, and wind mass loss, but also uncertainties in
nuclear physics and key nuclear reaction rates matter.

 Stellar forensics, determining abundance patterns of stellar
ashes, may be our best tool in the near future
(e.g., constraints on pair-SNe)
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