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Standard Model of Particle Physics & Life of a Baryon:
Big Bang Nucleosynthesis
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Big Bang:
75% H + 25% He
(by mass)

Sun:

71.1% H + 27.4% He
+1.5% “Metals”
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Type la SNe

Life Cycle of a Star

—  ®

White
Dwarf
Red Giant Planetary Nebula

| \
Neutron Star
Stellar Nebula . > > \

Massive Star

Red
Supergiant Supernova Black Hole

core-collapse SNe (mostly Type Il)




An SN la Scenario:White Dwarf Mergers
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PLANETARY Arise from the Ashes

SYSTEMS

H

‘°’°¥He Relative Abundance
1 of the Chemical Elements
«H in the Solar System 1ot

- 10!0

10° —10°

10° ~10*

10?

107

U (R UUN N U NN TN (NN SN S SN S T S T S T—|

0 20 40 60
ATOMIC NUMBER

WHITE DWARFS
NEUTRON STARS
BLACK HOLES

resurrection
INn binaries !



multiple processes & diverse astrophysical sources
producing elements heavier than Fe

well-known: slow (s) & rapid (r) neutron capture,
proton (p) capture

Burbidge, Burbidge, Fowler & Hoyle 1957 (B2FH);
Cameron 1957

main s-process: A > 88 (Sr & heavier)

AGB phase of intermediate-mass (~1-3 Msun) stars
weak s-process: A < 88 (lighter than Sr)
He & C burning regions of massive (>10 Msyn) stars
Y-process: (7, n)equivalent to (p, )
propagation of SN shock through envelope



recently studied massive-star associated sources
for elements heavier than Fe

|. n-rich & p-rich v-driven winds from proto-NS
nuclei with A ~ 88 to |30
2. n-rich winds from accretion disks in NS mergers
nuclei with A ~ 88 to |30, r-process for A > |30

3. n-rich matter dynamically ejected from NSM
r-process for A > |30

4. n-rich matter dynamically ejected in SN
nuclei with A ~ 88 to |30, r-process for A > |30

5. n-capture during pre-SN evolution
nuclei with A > 56 (up to ~ 210)
intermediate (i) neutron capture &
carbon-enhanced weak s-process



Neutrino Emission from NS Formation

collapse
Stellar Core —

Rys ~ 10 km

R core ~ 1000 km
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v-Driven Core-Collapse Supernovae
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Neutrino Emission from a Low-Mass SN
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Setting n/p in the Neutrino-Driven|Wind|
n/p>1=Y. <0.5

Qian et al. 1993
Qian & Woosley 1996

McLaughlin et al. 1996
Horowitz & Li 1999
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r—Process in Neutrino—driven|Wind
(e.g., Woosley & Baron 1992; Meyer et al. 1992; Woosley et al. 1994)

n, seeds —> r—process nuclei
T~025MeV  *“He(an,v)”Be(a,n)'*C

QSE

n,*He —l> seeds (A ~ 90)
T ~0.5 MeV

n/p>1
Ve+tp—>n+et

Ve+n —>p+e”

Yed, ST, Tayn 4 = heavier r-nuclei



Conditions in the v-driven wind
Y. ~0.4-0.5, S ~10-100, 74yn ~ 0.01-0.1 s
(Witti et al. 1994; Qian & Woosley 996;
Wanajo et al. 2001; Thompson et al. 2001;
Fischer et al. 2010; Roberts et al. 2010)

Sr,Y, Zr (A~90) readily produced in the v-driven wind,
up to Pd & Ag (A~110) likely, all by QSE

(Woosley & Hoffman 1992; Arcones & Montes 201 |)

production of r-nuclei up to A~130 possible,
but very hard to make A>1[30

(Hoffman et al. 1997;Wanajo 201 3)

But see Metzger et al. 2007 for winds from
rotating magnetized neutron stars



The vp-process in p-rich v-driven|winds|
(Frohlich et al. 2006a,b; Pruet et al. 2005,2006)

(p,v) = (v, p) equilibrium = waiting point

break through waiting-point nuclei with slow beta decay:
Ue+p—mntet, (Z,A)+n—p+(Z—-1,A)
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Mass Loss Phases During NS—NS and NS—-BH Merging

Merger Phase: Prompt/dynamical ejecta
(due to dynamic binary interaction)

T g NS matter
Mdyn\ ns | ns 7 My, My, NS | BH + wi
< _COE <C=Ce winds

t<5-10ms My, ~ 103-10"! M, t <fewms
after _yn after first
first contact s~ 1-10 kB/nuc mass transfer

BH-Torus Phase: Disk ejecta

M, ~ 10-3—10-1 M,
§~10-50 kz/nuc

Just + 2014
(also Rosswog +;
Wanajo +; Metzger +;
Perego +; Martin +)



Yel, ST, Tayn 4+ = heavier r-nuclei

® |winds|from accretion disks of BHs

(Pruet et al. 2003;
Surman et al. 2006, 2008;
Wanajo & Janka 2012;
Fernandez & Metzger 2013)

® |fast expansionof shocked ejecta with neutron excess

(Ning, Qian, & Meyer 2007; Eichler et al. 2012)
but see Janka et al. 2008

® |bubbles|driven by convection

seen in low-mass SN models (Wanajo et al. 201 1)



|decompression|of cold neutron star matter
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Odriven by rotation, magnetohydrodynamics, etc.

3D Collapse of Fast Rotator with Strong Magnetic Fields:
15 M_, progenitor (Heger Woosley 2002), shellular rotation with period of 2s

at 1000km, magnetic field in z-direction of 5 x10'* Gauss,
results in 10* Gauss neutron star

electron abundance [-], t = 0.023437s

log10{gas to magnetic pressure) [-], t = 0.023437s
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(also Symbalisty + 1985; Nishimura + 2006; Fujimoto + 2007)



Generic features of astrophysical sites

Expansion of matter initially at high temperature &

density consisting of free nucleons
Yea Tdyn S

Ejection mechanism & effects of neutrinos:
smaller for faster expansion
neutrino heating, convection, magnetohydrodynamics

Fast ejection of extremely n-rich matter (Ye < 0.2):
robust r-process producing A~195 & actinides
binary interaction during NS merger, MHD jet from NS
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[Ba/H]

biquity of Sr and Ba (Roederer 201 3)
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Diversity of La/Eu: more than one n-capture process
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New Neutron-Capture Site in Massive Pop |ll and Pop Il

Stars as a Source for Heavy Elements in the Early Galaxy
Banerjee, Qian, & Heger, arXiv:1711.05964

Studies of similar process in other stellar environments:
e.g., Campbell + 2010, Dardelet + 2014, Jones + 2016



Proton Ingestion
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Free Neutrons from Protons
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®Most of the neutrons captured by 1¢Q.
®Primary neutron production



Free Neutrons from Protons
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Neutron Capture
t=0.000e+00, [Sr/Bal=-0.70, [Ba/Eu]=-1.67
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Key Parameters for n Capture from p Mixing
Amount of proton ingestion: neutron density
Time of proton ingestion: duration of neutron capture
Initial metallicity: seeds, absolute yields

Explosion energy: dilution mass



Histogram of [Fe/H]
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Binary of low & intermediate mass stars
formed at low metallicities

|

More massive member evolved through
AGB phase & dumped newly-synthesized
s-process products (along with C)
onto the companion

G

Less massive member observed as C-Enhanced
Metal-Poor star with strong s-enrichment (CEMP-s)
in a binary (radial velocity variation)
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Diversity: Comparison with Observations
Banerjee, Qian, & Heger, arXiv:1711.05964
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Diversity: Comparison with Observations

Banerjee, Qian, & Heger, arXiv:1711.05964
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Diversity: Comparison with Observations
Banerjee, Qian, & Heger, arXiv:1711.05964
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s-Process in Massive Carbon-Enhanced Metal-Poor Stars
Banerjee, Qian, & Heger, arXiv:1805.04306

Core H burning: initial CNO converted into “N
Core He burning: " N(a, v)'*F(e*1,)'*O(a, v)**Ne
Core He burning & subsequent evolution: **Ne(a, n)*’Mg

Similar process in fast-rotating massive metal-poor stars:
e.g., Pignatari + 2008; Frischknecht + 2012,2016



Banerjee, Qian, & Heger, arXiv:1805.04306
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Key Parameters for s-Process in Massive CEMP Stars
Initial C abundance : neutron production
Stellar mass: neutron production
Initial metallicity: seeds, absolute yields

Explosion energy: ejection & dilution mass



Summary

|. Ubiquity of Sr & Ba at low [Fe/H]
unlikely explained by NS-NS or NS-BH mergers
due to their rare occurrences

2. Diversity of La/Eu at low metallicities
requires more than one n-capture process

3. Most of CEMP-no & some CEMP-s stars are single
(Hansen et al. 2016a,b)

massive stellar sources likely required

4. n capture from p mixing during pre-supernova evolution
and the s-process in massive CEMP stars
can explain ubiquity of Sr & Ba + diversity of La/Eu at low [Fe/H]

the former also can explain CEMP-no,s,r/s stars
(Banerjee, Qian, & Heger, arXiv:1711.05964,1805.04306 )



Neutrino-Induced r-Process in He Shell of early SNe
neutron production by
‘He(v, vn)*He(n, p)°H(°H, 2n)*He
Epstein, Colgate, & Haxton 1988

neutron capture by %6Fe

high nn requires few %6Fe

- carly SNe

U, +*He - "H+n+e", Av.om X T§566 !
Banerjee, Haxton, & Qian 2011



Neutrino Spectra & Flavor Oscillations

Ty, ~ 34 MeV, T, ~4-5MeV, T, =15 _~6-8MeV

normal mass hierarchy inverted mass hierarchy

In supernovae

I
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Ve = Uyr Ve = Uy r
‘He(v,, e p)*He ‘*He(v,,etn)’H
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How to Become a Star
Virial theorem for a contracting gas cloud
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Companion star

White dwarf

Accretion disk
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Cosmic Microwave Background Experiments
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Galaxy and Star Formation
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