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Supernova la Simulations

A Possible Supernova la Explosion Mechanism
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Off-center Deflagration Simulation

Possible Consequences of Breakout
(Calder et al. 2003)



Average Binding Energy per Nucleon
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Average Binding Energy per Nucleon

O Post-flame model uses
evolving NSE state of ash

a Initially hot ash expands and
cools

O BE increases as initial Helium
converts to Nickel

QO Electron captures lower Y,

0 BE increases further as more
tightly bound Fe replaces Ni
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Nickel Production in SNe Ia (W7)

QuickTime™ and a
Photo - JPEG decompressor
are needed to see this picture.

(Timmes, Brown, & Truran 2003)



Laminar flame speedup by ?’2Ne enrichment in SNe la

Chamulak, Brown, & Timmes (2007), ApJ, 655, L93
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During 2C burning in the flame front, n
liberated by 22Ne(a,n) capture onto other

burning produce. This facilitates
converting available p into a, and
enhances the heating.
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1 I T 1 ] 1 I I 1 ] 1 I 1
10° [ — ! .

p=20x10 gom

p=50=10 gem

10 = -

5 E; (;uul 3';.
The flame speed is roughly linear
with 22Ne abundance, with a
speedup of = 30% for X(#2Ne)=0.06.

This speedup is relevant to the initial burning front near the
center, and at lower densities where the flame may make a
transition to distributed burning.




Ignition Conditions in Type Ia Supernovae

Recent heavy ion fusion cross section
measurements indicate a decrease in S-factor
with low energies. This was explained by a
hindrance factor associated with the stiffness of
nuclear matter. Adopting this explanation to
stellar 12C+12C, 160Q+160Q fusion date a
phenomenological fit suggests a significant
reduction in S-factor as well. This has dramatic
consequences for the ignition conditions type |
supernovae and superburst in accreting
neutron stars.

Collaborators:
Notre Dame, MSU
ANL, ANU, Joffe,

S(E) (MeV barn)

S (Mev barn)

o Christensen et al. (1977)
F s Cujec & Barnes (1976)

10'7 E — Yakoviev et al. {2006)

i = Jiang et al. (2007)

-« Fowler et al. (1975)

E, . (MeV)

Standard potential model extrapolation of
existing fusion data in comparison with fit
extrapolation by Jiang et al. 2007.



SNe la and Stellar Population
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PULLOUT! Messier Catalog of 109 Sky Treats

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

g o rminen

Astronom

Deflagration Phase of Type la Flame Evolution

What makes 8
stars explodelss

Lo w best planetary nebulae s o0
Mars updat 7

STELLAR BOMB

desiroy themselves as type fa sup

nism, says

n than care

is Don La

leb

e la eventsare

this process e dista

. It

burning
ng, but, o

atch obser

am member Tomase P
itia

how to make 2

rists ent

the

bl
period of v

and when t

simp

sion would occur and inserted il into the

tatzonal radsation, nhbridge

Itechis Wil

Shattered dwarfs

here 1 second
A scale compule

affter ignition,
ftarts rising
the surface.

new in

explosions still tax
the most comple

surface and plow:
material ahead of it
nds after ignition — the last mament af
n by Calder’s team. Fallow-
ing up with . the Jomers
d this cloud wraps around the star in
an half a second. The doud meets
When it
3 50, the unfused surface matter the
bubble plowed up cra ether and
plodes, destraying the star.

WWWASTRONOMY.COM 43




MRC-2: Supernova Modeling

Supernovae I1

Progenitor
Evolution

Neutronization
And Neutrinos

3-D Models

Nucleosynthesis

|

nnnnnnnnnnnnnnn
,,,,,,,,,,,,,,,,,,,,
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

# YT I I
l e \ "= {
| V=)
| & \ |.l

e \ I\

§ | ._.A- \ _
[t |
Y




Accretion Induced Collapse of a Rotating ONeMg WD

The figure shows the supermova-ike
explosion after the collapse of a
rapidly rotating white dwarf due to
accretbon from & companion  star
abowe the critical Chandrasekhar
mess. The explosion |5 bipolar,
driven by anisctroplc  neultrino
heating. The inner red region s the
nawdy-bom  accretion  dsk.  The
yellow cones render the cores of the
neutnno-driven jets. The shests are
lso-density contours  and  thes
snapshot wWas taken ~¥50
milksaconds after the onset of
cobapse (frem a publication by the
Arizong JINA group, Dessart et al
2lda})

The Arizona group also shows that the accretion-induced collapse (AIC) of a
rotating white dwarf explodes easily, and is dnven by a polar neutrino-
powered wind (Dessart et al. 2006). This is the most thorough published
study of rapidly rotating core-collapse performed to date, and, with a
uniquely capable code VULCAN/ZD, revealed for the first time the degree of
anisotropic neutrino emissions that rapid rotation imposes. These AIC
models also suggest one class of gamma-ray burst (GREB).

Researchers: A. Burrows, J. Murphy, C. Ott



Weak Reaction Rates in Astrophysics

SNR 0103-72.6 Chandra
observatory NASA/CXC/SAO
Core-collapse supernovae

* key nuclear physics input: weak rates on
medium-heavy (A~40-120) mostly unstable nuclei ‘
« electron density/collapse trajectory/core properties

’ .

Thermonuclear (Type la) supernovae

"  exact nature of explosion not well understood
« accurate weak rates constrain scenario

« unstable pf-shell nuclei including *°Ni

Sn la 1994D in NGC 4526
NASA/ESA/Hubble

 neutron-star crust processes (A~20-104)
* v-process (forbidden weak transitions)

* S-process

* neutrino-physics



Charge-exchange reactions & Astrophysics

spin-isospin response of light asymmetric systems

1sovector giant resonances in, and macroscopic properties of
unstable nuclel

weak rates in astrophysics A,Z+1 B-

 type II and Ia supernovae (P rh
* neutron crust , AZ

* V-process i\ N\
* S-process A,Z-1

stable nuclei: (t,’He) (NSCL) and (°*He,t) (RCNP)

unstable nuclet:
— 34P(7Li,’Be) experiment in inverse kinematics: Feb. 2007

— Neutron detector for (p,n) in inverse kinematics: under
construction



Weak Rates via Charge-Exchange Reactions: Stable Targets

_ 7T * (t,’He) program at the NSCL

S 06F ® BNi(t,3He) ® 58Ni(t,3He) .

B osf o SMexEr —SMIEE 3« Analysis of 3Cu,%Zn,”*Mo(t,>He) in progress
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Cross section [mb]

For the first timle, the reaction rate of
18F(a,p) was determined experimentally
from the measured cross section.
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Once 8F is produced by '*N(a.,y), it

through He-layer in pre-supernova,

captures to make neutrons for r-
process by 22Ne(a,n). At He-rich
environment with high temperature,

usually decays to 80, then a-

such as a shock front passing

18F can have (a,p) reaction to
provide an alternative neutron
source as 2'Ne(a,n).
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Search for an alternative r-process site : 18F(a.

Multi-zone Supernova Explosion calculation and Full Network Code as a post process :
End of He layer -> zone 395
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For 15Mg stars, inclusion of the

reaction rate of 8F(a,p), which was
experimentally normalized Hauser-
Feshbach calculation, did not make
contribution for enhancement of 2'Ne
production. This is still under study
for different mass stars and applying

J0.01

3 0.0001
3 1e-06

3 1e-08

3 le-10

abundance

= le-12

q1e-14

] directly the measured reaction rate
] ] to codes.
R T T e R - Tt

x I Al
trre ST T

T. Elliot & H. Schatz, MSU




HOW DO DIFFERENCES IN SOLAR ABUNDANCE
SETS AND VARIATIONS IN THE RATES OF THE
HELIUM BURNING REACTIONS INFLUENCE
NUCLEOSYNTHESIS BY SNII PROGENITORS? (C. Tur,
A. Heger, S.M. Austin)

Production factors for some medium-weight elements as a function of the 12C(a,g)160
rate multiplier (multiplier of 1 = Buchmann 1996 value). This is the study where the triple
alpha rate is constant and only the 12C(a,g)160 rate is varied.
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. 16,

ANDERS & GREVESS 1989 abundances. 8 star
average (13, 15,17, 19, 21, 23, 25, 27 Msun).
1.2 x Buchmann appears as a tight

minimum (RMS) order to co-produce those

elements (as in A. Weaver & S.E Woosley
(1993) ApJ,129:377 and subsequent work).

LODDERS 2003 abundances. 2 star
average (15 and 25 Msun).

1.2 x Buchmann appears as a much
broader minimum (RMS) now...




log( element number fraction / solar )
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Elemental Yields (Heger & Woosley 2007)

as a function of initial mass
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E

“non-rotating stars

120 stellar masses

g
=11
B

¢ “complete” reaction network

. hormalized to Mg

RESULTS:

e.g.,
Production of “Li by neutrino interaction in very compact stellar
envelope!

Library of 10 different explosion energies and different amount of
mixing in the explosion

Developed tool to mach observed abundance patterns to single stars
or different assumed IMFs.

Will make available tool to community after completion of paper.

Developed, in part, as part of SCiDAC CAC-3 and LANL LDRD
20050031DR



Mo s-process nucleosynthesis
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Slide Courtesy of Mike Pellin (ANL)



S1C Grain Mo Isotopic Patterns

X-grain heavy elements are
isotopically distinct from either
terrestrial or mainstream.

Enahnacement of Mo indicates
significant s-process material
present.

All r-process isotopes show
significant enhancements.

[MO]X—grain << [MO]
95Mo and °”Mo enhancements
predicted by Clayton et. al.

Mainstream

p-process isotopes, *?Mo and
%Mo, present but relative
abundance's are different from
terrestrial.

Total counts

Terrestrial standard

.

mainstream grain i

Slide Courtesy of Mike Pellin (ANL)
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“Cosmic” Abundances of the Elements
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New Examination of 44Ti and 56Ni from Core-collapse Supernovae

y position (x 1¢9 cm)

Ti44 (Solar Masses) Hungerford, Fryer, & Timmes 2007
Ti44 mass fraction
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A. Hungerford, C. Fryer, and F. Timmes (LANL) have recently investigated the production of radioactive 44Ti and %6Ni from core-collapse supernovae
models. Radioactive 44Ti, an observable diagnostic of core-collapse supernovae, is an isotope of extraordinary astrophysical significance. lIts
primary observable effects are:

(1) The relatively large abundance of 44Ca is overwhelmingly due to its synthesis as 44Ti parent.

(2) Gamma rays from radioactive decay from young core collapse supernovae are visible in several Galactic remnants. The 44Ti yield probes the
dynamics of core collapse supernova nucleosynthesis, and in particular, the location of the proverbial "mass cut", the pre-supernova composition
inside ~ 2 M, and the maximum temperature and density reached during the passage of the shock wave in the ejecta. The 44Ti detection in Cas A
has generated great enthusiasm.

(3) #4Ca-enriched silicon-carbide particles extracted from meteorites have been identified as pre-solar particles that condensed within supernova
ejecta during their first few years of expansion, while 44Ti was still at its initial value. These grains may be of enormous value in probing the dynamics
and make up of supernova ejecta.

The presence of explosion asymmetries in supernovae alters both the extent of the hydrodynamically mixed regions and the conditions for burning
within the supernova shock. This serves to change both the distribution and abundance of the ejected elements. In these preliminary efforts, the
trends in burning processes for a range of physical conditions which exist in core-collapse supernova simulations are examined with a detail
parameterized nuclear reaction network.



Astrophysical site for the ‘main’ r-process -

Dominant Candidate

Neutrino-driven wind in
Type Il supernova

SN1987A
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r-process abundance pattern from different environment are distinguishable.

0.0001

250

0

50 100 150 200

MASS NUMBER

250

Neutron star mergers

Simulation of NS mergers
(from Hayden planetarium)
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New Candidate?
Quark Novae (Jaikumar et al. 2006)

nuclear —quark phase transition at the center
of cold neutron star caused nova-like

explosion.

v'Conditions similar to Neutron star mergers
v'Highest neutron-to-seed ratio

If nuclear physics uncertainties are reduced, we could identify astrophysical site via observations.




New Models for the r-process Mechanism and Site of Origin

OO < all_particles01.mowv

time=1.83501E+00 s
Temperature (K)

E
G
@
]
-
%
[ =
o
7
Q
a
>

] 0.2 0.4 0.6
x position (x 19 cm)

[o0:00:18 T

Abundance (relative to Si = 10°)

10° |

10% |

10' L
60

10* E

QuickTime™ and
TIFF (Uncompressed) decor
are needed to see this picture.

6617 particles with v =>v__

e 3304 |sotope network

W T
.. = '.. L) ‘.°~. -
M . ®
“ = . - '
b - . . .
= um - .-o'~".. .
- . ks
A e % 2 . .-o." -..
Tﬂnl"’.:lﬂ..' S . .
& . A . . h'..". .
.
-’ ; Solar x 200 ut 4 <
- o | 4 2 e
= L -
. -
X ot - -
s wiy L] " s B -
Fd .. q:"“ﬂ. . [ ] "
. Y
- = famy O {
A nTamga W, ¢ :
Solar r-process x 2000 BT L1t L S
ig !‘:‘.‘!:I‘u' - "
mn

80 100 120 140 160 180 200 220
Mass Number, A

C. Fryer (LANL), A. Hungerford (LANL), F. Herwig (Keele) and F. Timmes (LANL) have recently investigated a pathbreaking model for the rapid
neutron capture process involving the mass ejected by fallback in a supernova explosion. The nucleosynthetic products of this ejected material
produces r-process elements, including those in the vicinity of the elusive 3rd peak at mass number 195. Trans-iron element production beyond the
second peak is made possible by a rapid (< 1 ms) non-equilibrium freeze-out of alpha particles which leaves behind a large nucleon (including
protons!) to r-process seed ratio. This rapid phase is followed by a relatively long (> 15 ms) simmering phase at approximately 2 billion K, which is the
thermodynamic consequence of the hydrodynamic trajectory of the turbulent flows in the fallback outburst. During the slow phase high mass
elements beyond the second peak are first made through rapid capture of both protons and neutrons. The flow stays close to the valley of beta
stability during this phase. After freeze-out of protons the remaining neutrons cause a shift out to short-lived isotopes as is typical for the r-process. A
low electron fraction isn't required in this model, however, the detailed final distribution is sensitive to the electron fraction. Theser simulations suggest
that supernova fallback is a viable alternative scenario for the r-process.

Fryer, Hungerford, Herwig, & Timmes (2006)

a
mpressor



Fission and R-process Synthesis

Main component of r-processs
exhibits distinct robustness

Fission cycling suggested to explain
robustness

Fission can significantly effect
production ratios of actinide
chronometers

Good fission model should allow for

asymmetric fission

Neutron and v induced, 3 delayed,
spontaneous compete

Interactions of yields with v field
after freezeout possibly important
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The Joint Institute for Nuclear Astrophysics

Particle identification in rare isotope beam Model calculation for synthesis of heavy elements
from NSCL at Michigan State University during the r-process in supernova explosions

- QObserved Solar Abundances

different types of . s
. 5 R L - ———Model Calculation: Half-Lives from
nuclei.in the beam q.--gf;r'.!-. R i

Moeller, et al. 97

—Same but with present 78Ni Result

Abundance (A.U.)

l-’m
NIV M~

Mass (A)

b 1

Measured half-life of 78Ni with™ &¥ents ' —> the synthesis of heavy elements in the r-process

This is the most neutron rich of the™ @ & pro!aech_faster than previously assumed
possible classical doubly-magic nuclel
in nature. - a step towards the answer of the open question

of the“origin of the heavy elements in the cosmos

Result: 110 199 . ms
P. Hosmer et al. accepted in PRL



. The Joint Institute for Nuclear Astrophysics
n JINA-NSCL r-process experimental campaign

JINA

JINA collaboration: MSU — Mainz — Notre Dame

N=82

Known half-life

i HEEEEEEUU_ NSCL reach

2032 (Thesis Montes)

05028 (Pereira, Thesis Hennrich)
— 03034 (Pereira, Thesis Quinn)
02032 (Thesis Hosmer)

Reach critical r-process region on broad front:

—> This is where more than one r-process could contribute

- Testbed for shell effects (probably fast freezeout — sensitivity !)

—> Site specific signatures: a-rich freezeout contribution, v-effects, ...)

Reliable modeling of (short) stretch of r-process is within reach




@) The Joint Institute for Nuclear Astrophysics
I’

Y Example: recent r-process experiment around A=110
Particle Identification in mixed beam J. Pereira, JINA postdoc
- Can measure all simultaneously 107Zr: new half-live
O New half-life ~ aaras

A 10’ T1/2_ 99 _15mS
| =
107 g l‘rm'oo' 6000 'aoboT'im;[ggloo
106Zr: new half-live
gmf Ty ;o= 285%%% ;zms
Measure half-life and neutron ')
emission prObablllty 107 e —— e — 20— —B050—

70000
Time [ms]




@) The Joint Institute for Nuclear Astrophysics
_,L . JINA r-process collaboration meeting Jan 17, 07

15 participants from Arizona, Chicago, LANL, MSU, Notre Dame, Ohio

|dentified new collaborative projects
and new ways to connect observations, experiment, theory

Examples of results:

» Create new r-process nuclear data library and new public JINA network code

» Use existing codes at LANL and Chicago to postprocess Arizona
supernova trajectories

 Tim Beers will have available ~8 new stellar abundance patterns
- use MSU, LANL, Chicago codes to investigate robustness of r-process

» Use r-process codes with new experimental data to disentangle LEPP/r-process
isotopic compositions from observed elemental abundances

» Continue these meetings frequently

 Create collaboration website to exchange ideas and data more efficiently



p-Process Nucleosynthesis
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M. Arnould and S. Goriely, Physics Reports 384 (2003) 1-84 Pm (61 ) i i / O // 93
Nd (60) ' 92
Pr (39) I BARAH -1 91
Ce (38) AT : ' 8 8§ 90
La (57)  aranamn, 85
Ba (56) - ) 84
Cs (55) ! ;v__'______ E
Xe (54) min " I
|(53) - %
Te (32) /7 <A+ -1 80 82
Sb (51) A RA 1o i 79
Sn (50) P = 76 78
W) GRS A 75
Cd (43)| ) I 70 72 74 W.Rapp et al., ApJ 653:474-489, 2006 December 10

48 50 52 54 56 658 60 62 64 66 68



Activation technique:'%Cd(a,y)'1%Sn and °Sn(a,y)°Te

1085 . M) |110gp ﬂ,HZSn <LJMSn

B\ 4.173 hr* B\

N
o

Lo e

(5@ d 4& 108C | ¢ (v:n) 110Cd (v,n)

1.25%

P-process reaction flow at the Cd-Sn region. For simplicity,
only even-even isotopes are shown, hence the (y,n) arrow
indicates two subsequent neutron emissions. The solid
arrows show the main reaction flow path while dashed
arrows indicate weaker branchings.
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— MRC-2: Chemical Evolution

Chemical Evolution

Abundances:
First Stars Halo Stars,
Stardust, DL a’s

Cosmic Abundance
Evolution Constraints

r-Process Abundances in Halo Stars

L & L & &
8 8 8 8 8

[CaFe]
e

Relative log €

13 L & & L
B A W

[FeH]




[Ca/Fe]

[Ti/Fe]

Halo Abundance Trends for -3 <[Fe/H] <-1

‘Oxygen and a-Elements
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] These behaviors are compatible with
nucleosynthesis predictions for SNe I1.
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(Truran et al. 2002)




QuickTime™ and a

Explosive Nucleosynthesis Processes

[Cr/Fe] [Ni/Fe] [Zn/Fe]

Dol e ARt T

[Mn/Fe] [Co/Fe]
- Cayrel etal. (2004) - "y



Metallicity Trends in Ge and Pt

Ge Trends with Metallicity

[ [
1
[GeiH] = [FerH]
[GeH] = [FefH] — 0.65
o
_3 -
— HD 122563
a | . | |
_4 — -2 -1
[Fe/H]

[Pt/Fe]

Pt vs. Eu

122563

CS 2283252

115444

— [PtiFe] = [EuiFe]

1
[Eu/Fe]

Truran et al. (2002); Cowan et al. (2005)
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~ __Explosive Nucleosynthesis of Fe-Peak Nuclei

40Ca

"Ge
9Ga nGa
647Zn 667n|57Zn |8Zn "Zn
gc_“ 65Cu
5Ni 60N | S'Ni | 2Ni *INi
9Co
54Fe 56Fe|57Fe|58Fe

\ SMn!

50Cy 52Cr|33Cr/|34Cr

22Ca| Ca

50y | 51y
46T | 47Ti | 48Ti | 49Ti | 50Ti
5S¢
4Cq 46Ca 4BCa




Abundance Pattern in HE 1327-2326

[Fe/H]=-5.4 £+ 0.2 (HE 1327-2326)

Frebel of o, Noture 434, B71 (2005)

Surprisingly Sr/Fe st CNO N;’d;' Ca Tt Fe Sr 3
ratio enhanced b'f JE EET' DHE [1]3%;:25%218 E
factor of ~10 3 ‘ :

5 3 E

2 ,F III@ i E
Unexpectedly high Sr | i* ]
abundance challenges 'f i i £\
existing theoretical of 3f } ; E
models T T 1 £

5 10 15 20 25 30 35 Vv

Atomic number
[X/Fe] = loaio[(X/Fe)/(X/Fe).]
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Predictions of vp-Process

e Metal-poor stars (-4.1 < [Fe/H] < -0.2)

Frohlich et al., Ap) 637, 415 {2006)

1.0¢ -
iR ty 1
e
_o0oF § i A s ;
s . v ? .
X, .05}
_ E A
i v Cayrel etal. °
1.0 A  Gratton & Sneden p
r Thielemann er al
1 sl ® Frohlich er al. :

L
Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn

[® /Fe] — logp[iX Fel (X Fea) 1 I I
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vp-Process

Summary vp-process

e proton-rich matter is ejected under the
influence of neutrino interactions

e Antineutrinos help bridging long waiting points
via (n,p) reactions

e Primary process, associated with explosive
scenarios

e Contributes to nucleosynthesis of light p-nuclei

e Possible explanation of Sr and other elements
beyond Fe in early stage of galactic evolution

e Possible candidate for LEPP

Theory Seminar AML C. Frahlich
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'IFF (Uncompressed) decompressor
are needed to see this picture.

A late weak r-process ?
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Metal poor stars ~ old stars

[Ba/Eu]<0

[Eu/Fe]>0.3 R-process rich

Courtesy Hendrik Schatz (MSU)



Conditions needed to produce residual ?




@) The Joint Institute for Nuclear Astrophysics

New nucleosynthesis process identified

F. Montes et al.

Light r-process

of Eu enrichment

- Varying ratio to Eu

[Y/Eu)
&

> for high enrichment 7

below solar

(well known under- %

production)

[Zr/Eu]
=)

- need new process |

that is mixed in in

various proportions

[Pd/Ey]

Honda et al. 2006

[Ag/Eu]

-1

—_—Th

Ivans et al. 2006

05 [

al

elements as a function -4

. N
ol HD122563

of

0.5

1
23 0.5

[La/Eu]

[Ce/Eu]
.

[Nd/Eu]
.

BO+17 3248

HD115444{

m/Eu]

§ 1 cso2802052| & |

- CGonlm dvowon] |

1
0.5 1.5 2
[EuiFe)

Heavy r-process
elements as a function
of Eu enrichment

- Consistent pattern
-> agrees with solar

- Clear evidence
for LEPP



. The Joint Institute for Nuclear Astrophysics
T New nucleosynthesis process identified  F. montes et al.

The new LEPP abundance pattern — can now search for a site
R L L

ol [} g e HD122563 - strong component | 2 independent

® e Solar r-process - strong component
% E ways to extract

[ pattern from
observations

Conclusions:
- LEPP produces consistent abundance pattern
—> identified LEPP abundance pattern
- first model calculations indicate n <104
(so new process is more s-process than weak r-process)



The Standard Model for SNe la

QuickTime™ and a
YUV420 codec decompressor
are needed to see this picture.

» Progenitor: White dwarf in a binary system

» Growth to the Chandrasekhar limit by mass transfer
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