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The Birth of
Big Stars




.. Formation
Environment
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Final fates of rotating massive Pop lll stars
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Evolution of Center for Different Initial Masses
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Nuclear Burning Stages

Burning stages 20 Mg Star 200 Mg, Star
Fuel Main T Time T Time
Product| (10°K)  (yr) | (10°K)  (yr)
H / He 0.02 107 0.1 2x106
He 0, C 0.2 106 0.3 2x105
c/ 'I:'ne’ 0.8 103 1.2 10
g
Ne 0, Mg 1.5 3 2.5  3x10F
0? Si, S 2.0 0.8 3.0 2x10%
Si Fe 3.5 0.02 4.5  3x107
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core mass / solar masses
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carbon/oxygen
neon/oxygen
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iron core
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Islands of SN and BH Production
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Sensitivity of Structure to Initial Mass
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Outcomes for intermediate Massive Stars
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The Engines of SNe
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Signatures of Stellar Structure
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probability density [107°! erg™!]

Signatures of Stellar Structure
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Convective Mach Numbers at CC
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Mueller+ 2016

Si mass fraction,
18 M_star at collapse




Mueller, Chan, Heger 2018
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Chan, Mueller, Heger, in prep.
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Spin and Kick in BH Formation

20.0

» Stars that make BH may have initial explosion
* Initial asymmetries may be swallowed by
fallback, reducing kick and spin for large BHs
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Multi-D SN Simulations
of SMSS J031300

_Chen+ (2016) ¢ 7m0

Z12 (2D)

log (element abundance)

atomic number

— for current multi-D mixing models
match C, O, Mg, and Ca

~. Predictions for Fe group are different than
Chen+(2016) hydrostatic model, e.g., Ca production!




Nucleosynthesis
for EMP Stars



Nucleosynthesis Yields

3 Key Ingredients:
* Hydrostatic and Explosive Nucleosynthesis
* Hydrodynamic Instabilities during SN (*"Mixing”)

* What is eject, what goes into Remnant (“Fallback™)



Pop lll Nucleosynthesis
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Mixing in 25 Mg Stars

[Z]=0 (solar) Z=0 (primordial)

He4

Growth of
Rayleigh-Taylor
instabilities

Interaction of
instabilities (mixing) ..
and fallback
determines
nucleosynthesis R NI T —
yields - -

= Pop lll stars

show much less
mixing than modern
Pop | stars due to

their compact
hydrogen envelope

Simulations: Candace Joggerst (UCéCILANL T-é)



Fallback
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Signatures of Stellar Structure?
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Ejecta Mass Fraction

Time-Dependent Yields and SN Energies

Contribution by isotopes to ejecta. Energy = 1.2B
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Hypernove
Jet-Explosions



Hypernova Nucleosynthesis

Spherical
explosion

(Nomoto+ 2006)

Jetted
explosion
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Nucleosynthesis in Hypernovae

— Can get wide variety
of yields and ratios form
jets and asymmetric
explosions, in particular if
not well-mixed when next

" generation of stars form!
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Nucleosynthesis in Hypernovae
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log( explosion energy / B )

log( explosion energy / B )

Nucleosynthesis in Hypernovae
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Pair-Instability
Supernovae



Pair-Instability SN yields: large odd/even Z

3.0 BT T T T T T T

-m160 —— 1

M —f—pn o Nk W OB B8 A& B o0l B W SO 1

rm180 —=— iy e Seislst et | 1

mg —o— N | F Nax Al [\P /}\ Cl /| K El Sc V Mn Co Cu Ga -

2.0 Fm220 A L L 5

- m240 g

- m260 i

- m280 5

10 + -
L —_
@ I |
8 il
a0 Y0 -
20 | .
230 | -

- "r’ -

|||I| .'IJ 1 1 1==1]

0 15 20 25 30 35

proton number

Takahashi+18

(from Ken Nomoto, Ringberg 2018)



yield / solar masses
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Initial total stellar mass / solar masses
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Constraints on SN and Progenitor from O/C
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decayed production factor (solar)

decayed elemental production factor (solar)
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Pulsational
Pair-Iinstability
Supernovae




Pulsational Pair Instability Supernovae
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Impact of Pulsational Pair Instability SN
On Binary BH Merger Mass

I
1000 [~ |] |
_ 7=0.5% Z, .
800 [~ .
- B -
0 i Without PPSN
g 600 With PPSN
5 - |
“ 400 - _
200 - .
OC

0 20 40 60 80 100 120
Total intrinisc merger mass [M_]

(Belczynski, Heger, Fryer, ... 2016)



Recent Results from LIGO

80

m1(Mg)

mm GW170817  mmmm GW151226 mmm GW170104  mmmmm GW170809  mmmmm GW150914 B GW170729
mm GWILT0608 B = GWI151012 B m GWI170814 B m GWILT0818 mm GWI170823

(LIGO Collaboration, arXiv:1811.12907)



[Pulsational] Pair Supernovae
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Proton
Ingestion



Proton Ingestion

1.25e+11 s before collapse, T, = 5.00e+08}
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(Bannerjee+ 2018)

r=1.15e+10
] ]

Massfraction,e (10° ergs/g/s,T (10° K)

enclosed mass (M)

Growth of convective He shell.

Mixing can occur at the convective boundary.
Including overshoot leads to 10-3-10> Mo of proton
iIngestion.

Occurs for 20 Me= M = 30 Mo.



Free Neutrons from Protons

10° s after p ingestion
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Neutron production via 2C(p,v)*¥N(etv)3C(a, n)¢0



Free Neutrons from Protons
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°Mixing timescale ~5x103s.

*Initially Yn increases on a timescale of ~104 s.
°*Then Y, decreases on a timescale of ~10° s.
*Most of the neutrons captured by *°0.
*Primary neutron production



Effect of Amount of Proton Ingestion

——— M=10""M,
e M;\-: lﬂ'_ﬁMu
M,=5x10"*M,

Time (s
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°‘Neutron abundance depends on the amount of p ingestion
*Peak n, > 10 cm=density 103 = My, = 10> M..
*Peak density decreases sharply for My, < 10> M.



Effect of Progenitor Metallicity
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Massive
CEMP Stars




Massive CEMP Stars

Born with enhanced C (and N, O).

Initial CNO converted to *N during H burning.

14N is then converted in to 22Ne during He burning.
Neutrons from 2°2Ne(«,n)**Mg during late He burning.

Low “metallicity” version of weak s-process.



Time Evolution
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Most of the s-process occurs during
the late stages of core He burning

25 Mo,

[Fe/H]=-3
[C/H]=-1

(Bannerjee+ 2018)



[C/H] Dependence
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Primary O major poison for [C/H]=-1
Secondary 2°2®Mg major poisons for [C/H]=-1
Secondary poisons scale mostly with [C/H] and not with [Fe/H].



Mass Dependence
[Fe/H]=-3
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(Bannerjee+ 2018)

[C/H]=-1

[C/H]=0

More efficient for higher mass stars



log(Y;)

[Fe/H] Dependence
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Scales almost linearly with [Fe/H]



Questions

* There is strong variations in massive star evolution and
nucleosynthesis outcomes as a function of mass, and
implicitly rotation, even “weather”.

* Nucleosynthesis contributions may not be present or unique
for all masses, complicating direct IMF reconstruction

* Do Pair-Instability Supernovae exist?
If so, is the odd-even effect washed out by mixing during He
burning?

* Impact of mixing and ingestion? Contribution of massive
CEMP stars to nucleosynthesis in UMP stars?

* We may learn about fates of the most massive stars from
binary black hole populations, including BH IMF.
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