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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”

“p”� “n” + e+ + �e

e� + “p” ! “n” + ⌫e
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Type Ia SNe

core-collapse SNe (mostly Type II)



An SN Ia Scenario: White Dwarf Mergers
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Figure 20
Potential electromagnetic counterparts of compact object binary mergers as a function of the observer
viewing angle (θobs). Rapid accretion of a centrifugally supported disk (blue) powers a collimated relativistic
jet, which produces a short GRB. Owing to relativistic beaming, the gamma-ray emission is restricted to
observers with θobs ! θj. Afterglow emission results from the interaction of the jet with the circumburst
medium ( pink). Optical afterglow emission is detectable for observers with θobs ! 2θj. Radio afterglow
emission is observable from all viewing angles once the jet decelerates to mildly relativistic velocities on a
timescale of months-years and can also be produced on timescales of years from subrelativistic ejecta.
Short-lived isotropic optical/near-IR emission lasting a few days (kilonova; green) can also accompany the
merger, powered by the radioactive decay of r-process elements synthesized in the ejecta. Reprinted from
Metzger & Berger (2012) with permission.

accuracy of the GW source (if detected by an instrument such as Swift/BAT), but even a poor
gamma-ray localization will provide a convincing association based on the temporal coincidence.
However, because the current estimate of the beaming fraction is fb ∼ 70 (Section 8.4), such
joint detections will be rare. The occurrence rate can be estimated using the observed short GRB
redshift distribution (Metzger & Berger 2012). In particular, there are currently no known short
GRBs within the Advanced LIGO/Virgo maximum detection distance for NS-NS binaries of
z ≈ 0.1. Extrapolating the observed redshift distribution to z ! 0.1, and correcting from the
Swift/BAT field of view to roughly all-sky coverage (e.g., Interplanetary Network, Fermi/GBM),

www.annualreviews.org • Short-Duration Gamma-Ray Bursts 91
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Arise from the Ashes

resurrection 
in binaries !



multiple processes & diverse astrophysical sources 
producing elements heavier than Fe

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

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

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 Msun) stars

-process:          equivalent to
propagation of SN shock through envelope

� (�, n) (p, �)



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

5. n-capture during pre-SN evolution
nuclei with A > 56 (up to ~ 210) 

intermediate (i) neutron capture &
carbon-enhanced weak s-process

1. n-rich & p-rich v-driven winds from proto-NS
nuclei with A ~ 88 to 130 

2. n-rich winds from accretion disks in NS mergers
nuclei with A ~ 88 to 130, r-process for A > 130
3. n-rich matter dynamically ejected from NSM

r-process for A > 130  
4. n-rich matter dynamically ejected in SN

nuclei with A ~ 88 to 130, r-process for A > 130 



Neutrino Emission from NS Formation

for a Galactic SN at ~10 kpc

e+ + e� ! ⌫ + ⌫̄

N +N ! N +N + ⌫ + ⌫̄

GM2

RNS
⇠ 3⇥ 1053 erg

) ⌫e, ⌫̄e, ⌫µ, ⌫̄µ, ⌫⌧ , ⌫̄⌧

⌫̄e + p ! n+ e+
~104 events due to



Bethe & Wilson 1985

v-Driven Core-Collapse Supernovae
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Figure 5
(a) Neutrino-powered electron-capture supernova (ECSN) of an 8.8-M ⊙ star with an O-Ne-Mg core (21, 28), visualized by mass-shell
trajectories of a one-dimensional simulation (105). The SN shock (bold, outgoing line) expands for ∼50 ms as an accretion shock (the
downstream velocities are negative) before it accelerates by reaching the steep density gradient at the edge of the core. Neutrino
heating subsequently drives a baryonic “wind” off the proto–neutron star (PNS) surface. Colored lines mark the inner boundaries of the
Mg-rich layer in the O-Ne-Mg core (red; ∼0.72 M ⊙), the C-O shell (green; ∼1.23 M ⊙), and the He shell (blue; ∼1.38 M ⊙). The
outermost dashed line indicates the gain radius, and the inner solid, dashed, and dash-dotted lines represent the neutrinospheres of νe ,
ν̄e , and νx , respectively. (b) Neutrino luminosities and mean energies from an ECSN for the infall, νe breakout burst, accretion phase,
and PNS cooling evolution (107). The average energies are defined as the ratio of energy to number fluxes. Panel a reproduced with
permission from ESO.

burning front that explodes the star. The heating was considered to occur mainly by neutrino-
electron scattering.

Although this is an appealing idea, neither the stellar nor dynamical conditions assumed for
this scenario could be verified by detailed progenitor and explosion models. In, for example,
O-Ne-Mg-core progenitors, which define the low-mass limit of stars that undergo core collapse to
radiate large neutrino luminosities, the C and O shell is initially located between roughly 500 and
1,000 km (at densities !4 × 108 g cm−3) and falls dynamically inward (with compression-induced
burning) long before it is exposed to a high fluence of neutrinos (Figure 5). If, in contrast, the O
and C layers are farther out at r > 1,000 km, as in more massive Fe-core progenitors (Figure 2),
then the neutrino flux is diluted by the large distance from the source, and the electron densities
(and degeneracy) there are much lower than those adopted by the Russians (147–150). Therefore,
neutrino-electron scattering cannot raise the temperature to the ignition threshold.

Presently, PISNe are the only stellar core-collapse events wherein the explosion mechanism is
known to be based on thermonuclear energy release (Section 2.4). However, a closer examination
of the possibility of neutrino-triggered burning in the significantly more compact low-metallicity
stars might be interesting.

4.2. Bounce-Shock Mechanism
The purely hydrodynamical bounce-shock mechanism (4, 5), in which the shock wave launched
at the moment of core bounce (Section 2.2) causes the prompt ejection of stellar mantle and

422 Janka
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Neutrino Emission from a Low-Mass SN

L⌫e

h✏⌫ei
� L⌫̄e

h✏⌫̄ei
> 0

excess ⌫e from e� + p ! n+ ⌫e

h✏⌫ei < h✏⌫̄ei . h✏⌫µ/⌧
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Setting n/p in the Neutrino-Driven Wind

�⌫̄ep =
L⌫̄e

4⇡r2
h�⌫̄epi
hE⌫̄ei

/ L⌫̄e

✓ hE2
⌫̄e
i

hE⌫̄ei
� 2�np

◆

�⌫en =
L⌫e

4⇡r2
h�⌫eni
hE⌫ei

/ L⌫e

✓ hE2
⌫e
i

hE⌫ei
+ 2�np

◆

�⌫N / (E⌫ ⌥�np)
2

hE2
⌫̄e
i

hE⌫̄ei
�

hE2
⌫e
i

hE⌫ei
> 4�np ⇡ 5.2 MeV ) n

p
> 1

n/p > 1 ) Ye < 0.5

Qian et al. 1993
Qian & Woosley 1996
McLaughlin et al. 1996

Horowitz & Li 1999

Neutrino Opacities!  
Martinez-Pinedo et al. 2012; Roberts & Reddy 2012 



NS

p + e!+ n!e

!e
! + p n + e+

r!process nuclein, seeds

r!Process in Neutrino!driven Wind

n/p > 1

(e.g., Woosley & Baron 1992; Meyer et al. 1992; Woosley et al. 1994)

T ~ 0.5 MeV

T ~ 1 MeV

T ~ 0.25 MeV

n, He4 seeds (A ~ 90)

n, p He4

4
He(↵n, �)9Be(↵, n)12C

QSE

Ye #, S ", ⌧dyn # ) heavier r-nuclei



(Witti et al. 1994; Qian & Woosley 1996;
Wanajo et al. 2001; Thompson et al. 2001; 
Fischer et al. 2010; Roberts et al. 2010)

Ye ⇠ 0.4–0.5, S ⇠ 10–100, ⌧dyn ⇠ 0.01–0.1 s

(Woosley & Hoffman 1992; Arcones & Montes 2011)

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

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

(Hoffman et al. 1997; Wanajo 2013)

Conditions in the v-driven wind

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)

⌫̄e + p ! n+ e+, (Z,A) + n ! p+ (Z � 1, A)

break through waiting-point nuclei with slow beta decay:

40 45 50 55 60 65 70 75 80 85 90
Mass Number A

100

101

102

103

104

Y i
/Y
i,⊙

(p, �) ⌦ (�, p) equilibrium ) waiting point

64Ge



Just + 2014
(also Rosswog +;

Wanajo +; Metzger +;
Perego +; Martin +) 

NS matter
+ winds



• winds from accretion disks of BHs

(Pruet et al. 2003; 
Surman et al. 2006, 2008;

Wanajo & Janka 2012; 
Fernandez & Metzger 2013)

Ye #, S ", ⌧dyn # ) heavier r-nuclei

• fast expansion of 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. 2011)



decompression of cold neutron star matter

(Goriely, Bauswein, & Janka 2011, 2013)
also Lattimer + 1977;  Meyer 1989; 

Freiburghaus+1999; Korobkin + 2012;  
Mendoza-Temis + 2014; Eichler + 2014
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• jets driven by rotation, magnetohydrodynamics, etc.
3D Collapse of Fast Rotator with Strong Magnetic Fields: 
15 M

sol
 progenitor (Heger Woosley 2002), shellular rotation with period of 2s 

at 1000km, magnetic field in z-direction of 5 x1012 Gauss,
results in 1015 Gauss neutron star

3D simulations by C. Winteler,  R. Käppeli, M. Liebendörfer et al. 2012

Eichler et al. 2013

s

(also Symbalisty + 1985; Nishimura + 2006; Fujimoto + 2007)



Generic features of astrophysical sites

Expansion of matter initially at high temperature & 
density consisting of free nucleons

Ye, ⌧dyn, 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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 Atomic Number ( Z )
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Ir

CS 22892!052 ([Fe/H] = !3.1) Sneden et al. (2000)

Os

Hf

Sr

Zr

Y

Nb

Ru

Rh

Pd

Ag

Cd
Ba

La

Ce
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Nd

Sm

Eu

Gd

Dy

Tb

Ho

Tm

Yb

Er

Translated solar r!pattern

Arlandini et al. (1999)

log �(E) = log(E/H) + 12

metal-poor star update: 
Roederer +, Frebel +, Hansen +

meteoritic hints:
Wasserburg + 1996

Qian + 1998





Ubiquity of Sr and Ba (Roederer 2013)



Simmerer + 2004

solar r-process

Diversity of La/Eu: more than one n-capture process



New Neutron-Capture Site in Massive Pop III and Pop II 
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 

Growth of convective He shell.

Mixing can occur at the convective boundary.

Including overshoot leads to 10-3-10-5 M⊙ of proton ingestion.

Occurs for 20 M⊙≲ M ≲ 30 M⊙.

25 M⊙



Free Neutrons from Protons

•Mixing timescale ~ 5x103 s.

•Initially Yn increases on a timescale of ~ 104 s.

•Then Yn decreases on a timescale of ~105 s.

•Most of the neutrons captured by 16O.

•Primary neutron production

Mp=10-4 M⊙

p ingestion

13C depletion

p transport +
12C(p,γ)13N(e+ νe)13C

13C(α,n)16O
Vs

16O(n,γ)17O

17O(α,n)20Ne
Vs

16O(n,γ)17O

17O(α,n)20Ne boost 
 due to T>3x108 K 

nn ⇠ 3⇥ 1014 cm�3
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nn ⇠ 3⇥ 1010 cm�3
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Free Neutrons from Protons

•Mixing timescale ~ 5x103 s.

•Initially Yn increases on a timescale of ~ 104 s.

•Then Yn decreases on a timescale of ~105 s.

•Most of the neutrons captured by 16O.

•Primary neutron production

Mp=10-4 M⊙

p ingestion

13C depletion

p transport +
12C(p,γ)13N(e+ νe)13C

13C(α,n)16O
Vs

16O(n,γ)17O

17O(α,n)20Ne
Vs

16O(n,γ)17O

17O(α,n)20Ne boost 
 due to T>3x108 K 

I-process s-process



•Most of the neutron capture occurs in the first ～106 s.

•Can result in both i-process and s-process. 

•Final [Ba/Eu] depends on time available 𝛥 for neutron capture.

•[Ba/Eu] can vary from ～0.25 to 1 with [Ba/Eu]<0.6 (>0.6) for 𝛥<106 s (>106 s)

Neutron Capture

25 M☉, [Z]=-3

Mp=10-4 M⊙



Key Parameters for n Capture from p Mixing

Amount of proton ingestion: neutron density

Initial metallicity: seeds, absolute yields

Time of proton ingestion: duration of neutron capture 

Explosion energy: dilution mass



Yoon et al. 2016

CEMP-no

CEMP-s, CEMP-r/s

[Ba/Fe]<0

solar



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

Less massive member observed as C-Enhanced
Metal-Poor star with strong s-enrichment (CEMP-s)

in a binary (radial velocity variation)



Muller et al 2016

C/Fe & Explodability of Core-Collapse Supernovae



Diversity: Comparison with Observations
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Aoki et al 2002 Thompson et al 2008

Single CEMP-s star Binary system of CEMP-s star

No sign of third component

Low Dilution of  ≲ 1000 M⊙

Proton ingestion ≳ 106 s before collapse

Mdil=700 M⊙
Mdil=400 M⊙

Banerjee, Qian, & Heger, arXiv:1711.05964



Diversity: Comparison with Observations
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Jonsell et al 2006

CEMP-r/s star
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HE2258-6358

Placco et al 2013

Low Dilution of  ≲ 1000 M⊙

Proton ingestion ≲106 s before collapse

Mdil=300 M⊙ Mdil=100 M⊙

Banerjee, Qian, & Heger, arXiv:1711.05964
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✏

[Z] = �4, Mp = 10�4M� at Odep, Mdil = 1600M�, Eexpl = 3 ⇥ 1050 ergs

Diversity: Comparison with Observations

Spite et al 2014

CS29493-090

Spite et al 2014

HE0305-4520

Low-s, r/s CEMP star, 0<[Ba/Fe]<1

No clear variation of radial velocity 
Higher Dilution of  ≳ 1000 M⊙

[C/Fe]=0.73

[C+N/Fe]=1.03

[C/Fe]=0.42

[C+N/Fe]=0.99

[Ba/Fe]=0.43 [Ba/Fe]=0.32

Mdil=1600 M⊙ Mdil=1300 M⊙

Natural consequence for this site

Banerjee, Qian, & Heger, arXiv:1711.05964



s-Process in Massive Carbon-Enhanced Metal-Poor Stars
Banerjee, Qian, & Heger, arXiv:1805.04306

Core H burning: initial CNO converted into 14N

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

14
N(↵, �)18F(e+⌫e)

18
O(↵, �)22Ne
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Core He burning:

22Ne(↵, n)25Mg
<latexit sha1_base64="4Am2J+lLX3SZWpAptRakXvhhiNo="></latexit><latexit sha1_base64="4Am2J+lLX3SZWpAptRakXvhhiNo="></latexit><latexit sha1_base64="4Am2J+lLX3SZWpAptRakXvhhiNo="></latexit><latexit sha1_base64="4Am2J+lLX3SZWpAptRakXvhhiNo="></latexit>

Core He burning & subsequent evolution:



Banerjee, Qian, & Heger, arXiv:1805.04306

25Msun, [Fe/H] = -3
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Key Parameters for s-Process in Massive CEMP Stars

Initial C abundance : neutron production

Initial metallicity: seeds, absolute yields

Stellar mass: neutron production 

Explosion energy: ejection & dilution mass



1. Ubiquity of Sr & Ba at low [Fe/H]
unlikely explained by NS-NS or NS-BH mergers 

due to their rare occurrences

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 )

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

Summary



⇥̄e + 4He� 3H + n + e+, �⇥̄e�,n ⇥ T5–6
⇥̄e

!

Neutrino-Induced r-Process in He Shell of early SNe

4He(�, �n)3He(n, p)3H(3H, 2n)4He

⇠ 11M�

Epstein, Colgate, & Haxton 1988

neutron production by

neutron capture by 56Fe

high nn requires few 56Fe

early SNe

Banerjee, Haxton, & Qian 2011



Neutrino Spectra & Flavor Oscillations

T�e � 3–4 MeV, T�̄e � 4–5 MeV, T�µ,� = T�̄µ,� � 6–8 MeV

�̄e � �̄µ,�

in supernovae

We know the mass-squared differences: 

We do not know the absolute masses or the mass hierarchy: 

4He(�̄e, e+n)3H4
He(⌫e, e

�p)3He

⌫e ⌦ ⌫µ,⌧
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y11hbar1: ngX6 for Z>26 and 50<N<82
CS31062−050 norm to Ba
LP625−44 norm to Ba
HE2258−6358 norm to Ba

Banerjee, Qian, Heger, & Haxton 201



How to Become a Star

Virial theorem for a contracting gas cloud
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Janka 2012
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ex pands forev er

-1

0

1

2

3

2

3

closed

recollapses ev entu ally

Supernovae

CMB

Clusters

open

flat

Knop et al. (2003)
Spergel et al.  (2003)
Allen et al.  (2002)

Supernova Cosmology Project

Ω

ΩΛ

M

Type Ia

Nobel Prize 2011



fit to Planck data by 
standard model of
⇤CDM cosmology

Cosmic Microwave Background Experiments

6 basic parameters

energy densities,
density fluctuations,

& probability of
scattering by

electrons



Galaxy and Star Formation



Life Cycle of Interstellar Medium


