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Lecture Schedule
1.Nuclear Physics for Astrophysics
2.Lives of Stars
3.Core Collapse Supernovae

a)What role to CC SN play in cosmic nuclear evolution? 
b)How does nuclear physics affect the supernova 

explosion and the resulting nucleosynthesis?

4.Stellar Afterlife
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© Anglo-Australian Observatory

Supernova!

Sk 202-69 SN 1987a
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Historical
Supernovae

Kepler, De Stella Nova in Pede Serpentarii, (1606)

Name    Year

RX J1713.7-3946    393
G327.6+14.6  1006
Crab Nebula  1054
3C 58    1181
Tycho   1572
Kepler   1604
Cassiopeia A  1668
S Andromedae 1885
Shelton  1987
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Historical
Supernovae

Kepler, De Stella Nova in Pede Serpentarii, (1606)

Name    Year

RX J1713.7-3946    393
G327.6+14.6  1006
Crab Nebula  1054
3C 58    1181
Tycho   1572
Kepler   1604
Cassiopeia A  1668
S Andromedae 1885
Shelton  1987

Lphoton ~1036 W 
~1010 Lsun ~LGalaxy
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Supernova 
Taxonomy

Cappellaro & Turatto 2001

Observationally, there are 
2 types (and 7 subtypes) 
based on their spectra and 
light curves.

Physically, there are 2 3 4 
mechanisms, 
thermonuclear (white 
dwarf), core collapse 
(massive star), collapsar 
(very massive star), pair 
(very very massive star)



6 from 1, 1 from another
The core collapse 
mechanism results in 
supernovae with quite 
varied spectra and 
light curves because 
of the variations in 
the stellar envelope 
which surrounds the 
central engine.

In contrast, the Type 
Ia SN are remarkable 
similar, suggesting a 
mechanism with little 
variation.



6 from 1, 1 from another
The core collapse 
mechanism results in 
supernovae with quite 
varied spectra and 
light curves because 
of the variations in 
the stellar envelope 
which surrounds the 
central engine.

In contrast, the Type 
Ia SN are remarkable 
similar, suggesting a 
mechanism with little 
variation.

SN 2006gy 
possibly pair 
instabilty SN
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Cassiopeia A

Supernova at 320 Years Old



X-ray (NASA/CXC/SAO) Optical  (MDM Obs.)

Radio (VLA) Infrared (ISO)

Cassiopeia A

1044 J (1028 MegaTons TNT) of Kinetic Energy into the ISM

Supernova at 320 Years Old
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Ejecta Rich in Heavy Elements

Hughes, Rakowski, Burrows & Slane 
2000

Supernovae from Massive Stars produce most of the elements 
from Oxygen to Calcium and half of the Iron/Cobalt/Nickel.  
They may also be responsible for the r-process.
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From where did our atoms come?
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Neutron Star Remnants

Core Collapse SN explosion also leaves behind a 
Neutron Star or Black Hole.
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Neutron Star Remnants

Core Collapse SN explosion also leaves behind a 
Neutron Star or Black Hole.
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Observing Supernova Neutrinos

SN 1987a

1045 W



W.R. Hix (ORNL/ U. Tenn.) CNS Summer School, August 2007

Gain Radius

Heating

Cooling

ν-Luminosity
Matter Flow

Proto-Neutron
Star

ν-Spheres

νe + n ←  p + e-

νe + p ←  n + e+
_

νe + n → p + e-

νe + p → n + e+_

Shock

Textbook Supernova
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Supernovae Modeling is Ongoing

New idea!  Explosions occur when Oxygen layer reaches 
shock, driven by interplay of neutrino heating, 
hydrodynamic instabilities and nuclear burning.

Bruenn, …, Hix, … (2006)
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Supernova and γ-ray Bursts

One proposed model is a collaspar, where an 
accretion disk forms around a newly formed black 
hole in a failed supernova (M>?30 solar masses), 
producing a jet which we see as the GRB.

Recent 
observations 
have tied some 
peculiar, hyper-
energetic Type 
Ic supernovae 
(called 
hypernovae by 
some) to GRBs.
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Nuclear Physics in Supernovae

✴ Core Collapse Mechanism
Nuclei present during 
collapse/above shock
Nuclear EOS

✴ Nucleosynthesis
Iron-peak 

56Ni,57Ni, 44Ti, etc.

p-process 

r-process

✴ Nuclear Matter
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Supernovae and Nuclear Matter
Bounce shock results from stiffening of the Equation 
of State in Nuclear Matter.  Different approaches 
affect SN models.

Lattimer-Swesty, Liquid Drop
Shen et al., RMF
Wilson, Liquid Drop w/Pions

Baird,…, Hix, … (2008)

Shock Radius
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Electron Captures on Nuclei
Entropy of iron core is low 
(S/k ~1) so few free 
nucleons are present.  Thus 
e- and ν capture on heavy 
nuclei via 1f7/2⇔1f5/2 GT 

transition dominates. 
(Bethe,Brown, Applegate & Lattimer 1979)

During collapse, average 
mass of nuclei increases, 
quenching e- capture (at 
N=40). 

Thermal unblocking and first 
forbidden were considered 
but rates too small. 
(Fuller 1982, Cooperstein & Wambach 1984)

Implemented using average 
nucleus. Bruenn (1985)
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New e-/ν Capture Rates

Shell Model calculations 
are currently limited to 
A~65.

Langanke et al (2003) 
have employed a hybrid 
of shell model (SMMC) 
and RPA to calculate a 
scattering of rates for 
A<110.

Langanke, …, Hix, … (2003)
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New e-/ν Capture Rates

Shell Model calculations 
are currently limited to 
A~65.

Langanke et al (2003) 
have employed a hybrid 
of shell model (SMMC) 
and RPA to calculate a 
scattering of rates for 
A<110.

Electron/neutrino capture on heavy nuclei remains 
important throughout collapse.

Langanke, …, Hix, … (2003)
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Effects of Nuclear 
Electron/Neutrino 
Capture during Core 
Collapse

There are 2 separate effects.

1) Continuation of nuclear 
electron capture at high 
densities results in lower 
interior Ye.

2) SMD rates result in less 
electron capture at low 
densities. 
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Effects on 
Shock propagation

“Weaker” shock is faster.

Gradients which drive 
convection are altered.

Maximum excursion of 
the shock is 10 km 
further and 30 ms 
earlier. Hix, Messer, Mezzacappa, … 2003
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Changes in Neutrino Emission

νe burst slightly delayed 
and prolonged.

Other luminosities 
minimally affected (~1%).

Hix, Messer, Mezzacappa, … 2003
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Changes in Neutrino Emission

νe burst slightly delayed 
and prolonged.

Other luminosities 
minimally affected (~1%).

Mean ν Energy altered:

1-2 MeV during collapse

~1 MeV up to 50ms 
after bounce

~.3 MeV at late time

Hix, Messer, Mezzacappa, … 2003
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The impact of stellar mass

Higher mass cores have higher initial entropy.
Effects of nuclear electron capture are reduced 

but comparable (1/2 to 2/3).

15 M 25 M
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Nuclei with A ~ 120 contribute to e-/ν capture.

Many rates are needed, with declining quality 
needed with increasing mass. 
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How can we learn about e-/ν Capture?
Charge Exchange Reactions, 
e.g. (n,p),(d,2He),(t,3He),
also sample GT+ strength 
distribution, providing strong 
constraints on structure 
models.

Baümer et al. PRC 68, 031303 (2003)

For A=80-100 nuclei of 
interest are 2-6 neutrons 
richer than stability.

Current Experiments, on 
stable nuclei, agree well with 
shell model calculations for 
A<60.  

Should be achievable with NextGen RIBs.
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ν-SNS an experimental program 
to study neutrino cross sections 

in the region of interest for 
astrophysics

Spallation Neutron Source

~1015 ν 
sec-1

2 universal ~ 20 tones detectors located 20 
meters from the SNS target

Homogeneous detector for Liquid targets
 2d, 12C, 16O, 127I

Segmented detector for solid targets 
51V, 27Al, 9Be, 11B, 52Cr, 56Fe, 59Co, 209Bi, 181Ta

One can also measure ν captures
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Supernova Nucleosynthesis
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Umeda & Nomoto 2003

Models are rich in heavy elements
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Umeda & Nomoto 2003

Rauscher, Heger, Hoffman & Woosley 
2002

Models are rich in heavy elements
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Parameterized Nucleosynthesis

Nomoto et al. 1993

Spyromilio 1994

In current models, 2 parameters, the Bomb/Piston energy 
and the mass cut, are constrained by observations of 

explosion energy and mass of 56Ni ejected.
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Hypernovae
Observation GRB with SN 
raises question of changes in 
nucleosynthesis from a 
“Hyper”-energetic blast 
wave.

Si/O, Fe/O increase because 
more O is destroyed.

Ti/Fe, Zn/Fe increase because 
of more α-rich freezeout.

Cr/Fe, Mn/Fe decrease while 
Co/Fe increases due to more 
complete Si burning

Match to puzzles in metal-
poor stars and BH companions

Nakamura, Umeda, Iwamoto, Nomoto, Hashimoto, Hix
 & Thielemann 2001
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Multi-D Explosions
SN associated with GRB can 
not be spherical.  Jet like 
models require Multi-D 
simulations. (Umeda, Nakamura, Nomoto, 
Mazzali, Patat, Hachisu 2002)

Ordinary SN also evidence 
nonspherical features. (Nagataki, 
Hashimoto, Sato & Yamada 1997, 1998)

Ni production and α-rich 
freezeout enhanced along jet.
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Multi-D Explosions
SN associated with GRB can 
not be spherical.  Jet like 
models require Multi-D 
simulations. (Umeda, Nakamura, Nomoto, 
Mazzali, Patat, Hachisu 2002)

Ordinary SN also evidence 
nonspherical features. (Nagataki, 
Hashimoto, Sato & Yamada 1997, 1998)

These models lack “in situ” 
nucleosynthesis and 
neutrino effects.

Ni production and α-rich 
freezeout enhanced along jet.
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First of the Next Generation
Kifonidis, Plewa, Janka & Müller 
(2003) first model to include a 
network in a multi-D neutrino 
transport code. 

Added an α network to Janka & 
Müller (1996).  After ~1 second, 
mapped result to a non-transport 
code.

Limitations:

α network is a poor approximation 
for Si-burning and α-rich freezeout

Mapping prevents study of mass cut.
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ν-Effects on Supernova Nucleosynthesis
1. Improved agreement with abundances of Sc, 

Cu & Zn observed in metal-poor stars. 
2. Reduction in over-production of neutron-rich Fe, Ni.
3. rp-process pattern of elements from A=64 to 80+.

Enhancement of 
waiting-point nuclei:
64Ge  64Zn
68Se  68Zn
72Kr  72Ge
76Sr  76Se
80Zr  80Kr
84Mo  84Sr

Fröhlich, …, Hix, … (2006)
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ν-Effects on Supernova Nucleosynthesis
1. Improved agreement with abundances of Sc, 

Cu & Zn observed in metal-poor stars. 
2. Reduction in over-production of neutron-rich Fe, Ni.
3. rp-process pattern of elements from A=64 to 80+.

Enhancement of 
waiting-point nuclei:
64Ge  64Zn
68Se  68Zn
72Kr  72Ge
76Sr  76Se
80Zr  80Kr
84Mo  84Sr

Similar Effects seen in 
GRB disks with low 
accretion rate. 
(Surman, McLauglin & 
Hix 2006)

Fröhlich, …, Hix, … (2006)
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νp-process

Fe
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How to get beyond A=64?
As Pruett et al. (2005) point out, true rp-process is 
limited by slow β decays, e.g. τ(64Ge)  = 64 s
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Neutrons in a proton-rich environment?

Main abundances: 
1H, 4He, 56Ni from 
p-rich and α-rich 
freeze-out.

(n,p) and (n,γ) 
“accelerates” β 
decays. 

Protons converted 
to neutrons via 
anti-neutrino 
capture.
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Detecting the r-process in old stars 

Sneden, et al. 2000, ApJL, 533, 139

Sneden, et al. 2000, ApJL, 533, 139



Uranium?
CS31082-001 has 1/800 Solar Fe but 1/9 Solar Os/Ir

Cayrel, et al. 2001, 
Nature, 409, 691

Decay of 238U  (τ1/2=4.5 Gyr) implies 12.5±3 Gyr



Shell Effects and the r-process path
In the r-process 
neuton capture 
are faster than 
beta decays.  
Nuclear flow 
proceeds far from 
stability.

Abundances 
accumulate near 
closed shells 
where the rates 
are slowest.

P. Möller



Shell Effects and the r-process path
In the r-process 
neuton capture 
are faster than 
beta decays.  
Nuclear flow 
proceeds far from 
stability.

Abundances 
accumulate near 
closed shells 
where the rates 
are slowest.

P. Möller

Mass Model has been shown to strongly effect the 
predicted abundances.

384 FREIBURGHAUS ET AL. Vol. 516

FIG. 2.ÈSteady Ñow test for 3, 10, and 13 component Ðts. The three
components (sets of and T ) correspond to di†erent r-process paths,n

ncharacterized by those values which reproduced the ““ low-A wings ÏÏ ofS
nthe three peaks at A ^ 80, 130, and 195 and the abundance pattern down

to the next peak in Kratz et al. (1993), when making use of the waiting-
point approximation and assuming a steady Ñow of b-decays between
isotopic chains. Dropping the latter assumption and performing time-
dependent calculations over timescales of 1È2.5 s leads nevertheless exactly
to a steady Ñow in between magic neutron numbers, as demonstrated by
the constancy of because the duration timescales q are large injbZ Y(Z) ,comparison to most of the b-decay half-lives encountered and only compa-
rable to the longest half-lives in the peaks, where the path comes closest to
stability and the steady Ñow breaks down (top panel). A more continuous
10-component superposition, which gives a slight improvement of the
overall abundance Ðt, keeps essentially the steady Ñow behavior with a
small tilt of the curve, similar to what is observed in the s-processjbZ Y(Z)curve (middle panel). When adding three components with equidis-p
n,cA T(A)tant steps in with smaller neutron separation energies, the same behav-S

nior also extends to larger mass numbers, enabling also the production of
actinide nuclei (bottom panel).

what dated but still quite successful droplet model by Hilf,
von Groote, & Takahashi (1976), we could show that abun-
dance troughs appeared before (and after) the 130 and 195
abundance peaks, due to the behavior of the contours ofS

nthese mass models (Thielemann et al. 1994 ; Chen et al.
1995 ; Kratz 1995). The location in N of an r-process path
with a given does not behave smoothly as a function ofS

nZ. Figure 1 indicates a sudden jump to the position of the
magic neutron number, where the contour lines show a
saddle-point behavior for the FRDM as well as ETFSI
mass models in the MeV range. The populationS

n
\ 2È4

gap of nuclei as a function of A leads after decay to the
abundance trough of Figure 3.

Additional tests were performed in order to see how this
pattern could be avoided with di†erent nuclear structure
properties far from stability. The problem could be resolved
(Chen et al. 1995) if for very neutron-rich nuclei the shell
gap at the magic neutron number N \ 82 is less pro-
nounced (i.e., quenched) than predicted by the global
macroscopic-microscopic mass models et al. 1995 ;(Mo" ller
Aboussir et al. 1995). In light nuclei, the quenching of shells
in neutron-rich isotopes is well established by now and is a
long-studied e†ect (Campi et al. 1975 ; Orr 1991 ; Fukunishi,
Otsuka, & Sebe 1992 ; Sorlin et al. 1993 ; Ibbotson et al.
1998). Experiments close to the N \ 82 closed shell seem to
indicate shell quenching also for this mean region (Ho† et
al. 1996 ; Zhang et al. 1997). Hartree-Fock-Bogoliubov cal-
culations (Dobaczewski et al. 1996) with a speciÐc Skyrme
force, as well as relativistic mean Ðeld calculations
(Lalazissis, Vretenar, & Ring 1998), seem to have exactly the
expected e†ect on the r-process path and the resulting abun-
dance curve (see Chen et al. 1995). This e†ect was also
conÐrmed by Pearson, Nayak, & Goriely (1996), when the
ETFSI mass formula was phenomenologically quenched in
a similar way to the HFB results. It leads to a very good
agreement with solar r-abundances (see Fig. 3 and Pfei†er,
Kratz, & Thielemann 1997). Hence, a continuous experi-
mental investigation of shell quenching along the N \ 50
and 82 shell toward more neutron-rich nuclei (and
approaching the r-process path for N \ 126) is a highly
desirable goal in order to test the nuclear structure
responsible for the solar abundances of heavy nuclei.

FIG. 3.ÈFits to r-process abundances et al. 1989) obtained(Ka" ppeler
with 10 equidistant components from 2 to 4 MeV (Cehn et al.S

n
(n

n
, T )

1995). The quenching of the N \ 82 shell gap by the ERFSI-Q mass model
of Pearson, Nayak, & Goriely (1996) leads to a Ðlling of the abundance
troughs and to a better overall reproduction of the heavy mass region.
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Simulating the r-process
Uncertainties about the site of the r-process 
provide considerable latitude for modeling. 

Beun, McLaughlin, Surman & Hix 2006

Fe
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Simulating the r-process
Uncertainties about the site of the r-process 
provide considerable latitude for modeling. 

Beun, McLaughlin, Surman & Hix 2006

Fe

Fissi
on

Neutro
n 

capture



W.R. Hix (ORNL/ U. Tenn.) CNS Summer School, August 2007

 0

 0.5

 1

 1.5

 2

 50  100  150  200  250  300

A
b

u
n

d
a

n
c
e

 R
a

ti
o

A

Neutron capture rate sensitivity for Ge82 Rate adjusted by 10

Abundance gt 1e-8
Abundance gt 1e-12
Abundance lt 1e-12

82Ge

R-process Data
• For most of the        

r-process, (n,γ)(γ,n) 
equilibrium holds.

• Much of what’s 
needed are masses 
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• (n,γ) rates matter  as 
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down.

Beun, McLaughlin, Hix, Surman & Blackmon 
2007, in preparation. 
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To achieve desired accuracy of r-process predictions 
will require neutron capture rates, at least near 
stability.



Site of the r-process
Formation of r-process 
requires neutron-rich, high 
entropy matter.  May occur 
in the 1) wind from a new 
neutron star in an SN, 2) in a 
wind from a collapsar disk, 
or 3) in a neutron star 
merger.
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Neutrinos, Nucleosynthesis, GRBs R. Surman

1. Introduction

The outflow from accretion disks surrounding black holes is a relatively new environment

in which to consider nucleosynthesis [1, 2, 3]. This environment has received attention lately

because accretion disks around black holes have been suggested as the mechanism which powers

gamma ray bursts, e.g. the collapsar model [4]. In this model a massive star which undergoes core

collapse forms an accretion disk around a black hole instead of the canonical proto-neutron star.

This geometry is a good one for producing a jet, the energy for which may come from neutrino -

antineutrino annihilation or be extracted electromagnetically from a rotating black hole.

Aside from the ultrarelativistic jet which forms along the rotation axis of the black hole, there

will be additional outflow from the accretion disk; Fig. 1 shows a schematic view. Estimates show

that up to half of the disk material will be ejected from the disk [5]. The disks are sufficiently hot,

6 MeV, that the material in the disk is composed of free nucleons. In the outflow, this material

expands, cools and undergoes a primary nucleosynthesis process.

Neutrinos are emitted from these disks in great numbers. As they exit the disk, they interact

with the outflowing material through the reactions ! e n p e and !̄e p n e . These

reactions influence the neutron-to-proton ratio and therefore the nucleosynthesis [6].

Figure 1: Schematic drawing of the accretion disk environment. The disk might form a jet in the center. In

this contributionwe study the nucleosynthesis in the outflow.

2. Calculations

The collapsar model predicts disks with accretion rates of about 0.1 M /s [4]. Calculations

of the electron fraction in steady-state models of these disks [1] show that the material becomes

quite neutron rich Ye 1 n p 1 0 1 at some points, although if the neutrinos are trapped the

electron fraction rises considerably. As the material flows away from the disk, the electron degen-

eracy which kept the neutron-to-proton ratio low is lifted and electron and positron capture reset

Ye to much higher values. The resulting nucleosynthesis is determined primarily by the electron

fraction.

Here we calculate the nucleosynthesis starting with disk Yes calculated from the steady state

disk models of [7, 8] and following first the evolution of Ye [6] and then nuclear recombination [9]

in the outflow parameterized as described in [6]. The key parameters of the outflow are the entropy

2

H.T. Janka

R. Surman

D. Price & S. Rosswog
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1)What role to CC SN play in cosmic nuclear evolution? 
a)Preeminent factory for heavy elements, producing 

O-Fe and probably the r-process as well.
2)How does nuclear physics affect the supernova 

explosion and the resulting nucleosynthesis?
a)Nuclear Matter equation of state and electron 

capture on heavy nuclei strongly affect the 
explosion mechanism.

b)Nuclear reaction rates, masses and partition 
functions needed for the many isotopes produced 
in SN.

Nuclear Physics in Core Collapse 
Supernovae


