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Nucleosynthesis from CCSNe

CCSNe dominate 
the chemical 
evolution of the 
universe

3
A. Frebel, MIT
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Nuclear Physics Labs

• Matter at most extreme densities, temperatures, 
isospin 

• Produce most elements in Nature 

• Complimentary to experiment at, e.g., NSCL, FRIB, 
JLAB, ATLAS, RHIC, GSI, TRIUMF,… 

• Neutrino and gravitational wave signals encode info 
about nuclear EOS 

• Test BSM physics of neutrinos

4
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Basic Picture of Stellar Collapse
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Basic Picture of Stellar Collapse

⇢c ⇠ 1010 g cm�3

MFe ⇠ MCh ⇠ 1.4 M�

Ye ⇠ 0.43

2000 km

Ye ⇠ 0.27

⇢c > 1014 g cm�3

~50 km

p+ e� ! n+ ⌫e

Eb > 1053 erg

1057 neutrinos released!!
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Basic Picture of Stellar Collapse
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SUBMITTED TO APJ ON 2013 OCTOBER 21 COUCH & O’CONNOR

Figure 13. Pseudo-color slices of entropy at four postbounce times for s27 fheat 1.05 3D. The colormap and limits are indicated on the left and kept fixed for each
time. Convection is already strong by 100 ms, as is indicated in Figures 11 & 12. As explosion sets in (right two panels), the convection becomes volume-filling
and large, high-entropy bubbles emerge that push the shock outward. The explosion begins in an asymmetrical fashion (right-most panel). The development of
convection in our simulations is very similar to that of Ott et al. (2013).
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Figure 14. Turbulent kinetic energy spectra, as measured by the non-radial
component of the velocity. The top panel shows 2D and 3D spectra for s15
and the bottom panel displays the same for s27. The E

`

are averaged over a
10 km-wide shell, centered on a radius of 125 km, and over 10 ms, centered at
150 ms postbounce. In all cases, 2D simulations result in much greater kinetic
energy density on large scales than 3D. Kinetic energy on large scales has
been suggested to be conducive to explosion (Hanke et al. 2012).

et al. 2013). Turbulent stresses can aid shock expansion in
multidimensional simulations of CCSNe (Murphy et al. 2013).
The presence of strong turbulent motions behind the forward
shock during the explosion phase may even effect collective
neutrino flavor oscillations (Lund & Kneller 2013). Based on
the global CCSN turbulence model developed by Murphy &
Meakin (2011), Murphy et al. (2013) argue that the turbulence
in neutrino-powered CCSNe explosions is primarily the result
of neutrino-driven convection. Here, rather than focus on the

primary driver of turbulence in our simulations, we address the
differences in the development of turbulence between 2D and
3D.

Following a number of previous studies, we examine tur-
bulent motion by decomposing the non-radial component of
the kinetic energy density in terms of spherical harmonics
(e.g., Hanke et al. 2012; Dolence et al. 2013; Couch 2013a;
Fernández et al. 2013). We define coefficients,

✏`m =

I p
⇢(✓, �)vt(✓, �)Y

m
` (✓,�)d⌦, (13)

where the transverse velocity magnitude is vt = [v

2

✓ + v

2

�]

1/2.
The non-radial kinetic energy density as a function of ` is then

E` =

X̀

m=�`

✏

2

`m [erg cm

�3

]. (14)

In Figure 14, we show the E` spectra for s15 (top) and s27
(bottom) in both 2D and 3D. The spectra are computed in a 10
km-wide spherical shell centered on a radius of 125 km and
at a postbounce time of 150 ms. This time and radius were
chosen to coincide with the initial development of strong non-
radial motion yet prior to onset of significant shock expansion
or contraction (see Figs. 10 & 11). Immediately apparent
is that 2D simulations have much greater turbulent kinetic
energy on large scales (small `) than 3D. This is the case
even when comparing the 2D fheat = 0.95 cases with the
3D fheat = 1.05 cases. Similar behavior is found in other
comparisons of turbulence in 2D and 3D (Hanke et al. 2012;
Dolence et al. 2013; Couch 2013a). These studies also found
that non-radial kinetic energy on large scales correlated with
vigor of explosion. Hanke et al. (2012) even suggest that non-
radial kinetic energy on large scales, by significantly increasing
matter dwell times in the gain region, could be key to the
success of the neutrino mechanism. Our results also support
this conclusion; the closer a model is to explosion, the larger
the turbulent kinetic energy on large scales.

It is well-known that turbulence in 2D exhibits very dif-
ferent behavior than in 3D. The most significant difference,
particularly for the present discussion, is the so-called “inverse
energy cascade” in 2D. According to Kolmogorov’s theory of
turbulence, turbulent energy is injected on large scales and sub-
sequently is transfered via the turbulent cascade to small scales
(Kolmogorov 1941). In 2D, turbulent energy is still injected
at the large, driving scale, but from there cascades to large
scales instead. Enstrophy, the integrated squared-vorticity,
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Shock stalls...  What revives it??
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Dense Matter Equation of State 

• Can impact: 

• Explosion (Marek et al. 2009; 
SMC 2013; Suwa et al. 2013) 

• Gravitational wave emission 
(Marek et al. 2009; Mueller et 
al. 2013) 

• Neutrino emission (O’Connor & 
Ott 2013)

8

Fischer et al.: Symmetry energy impact in simulations of core-collapse supernovae 5

Table 1. Nuclear matter properties at saturation density, n0, and zero temperature for our selection of hadronic SN EOS
currently available. Listed are binding energy, E0, incompressibility, K, symmetry energy, S, slope of the symmetry energy, L,
radius of a 1.4 M⊙ neuron star, R1.4 and maximum gravitational mass, Mmax.

n0 E0 K S L R1.4 Mmax

EOS [fm−3] [MeV] [MeV] [MeV] [MeV] [km] [M⊙]
SFHo 0.1583 16.19 245 31.57 47.10 11.89 2.06
SFHx 0.1602 16.16 238 28.67 23.18 11.99 2.13

HS(TM1) 0.1455 16.31 281 36.95 110.99 14.47 2.21
HS(TMA) 0.1472 16.03 318 30.66 90.14 13.85 2.02

HS(FSUgold) 0.1482 16.27 229 32.56 60.43 12.55 1.74
HS(DD2) 0.1491 16.02 243 31.67 55.04 13.22 2.42

HS(IUFSU) 0.1546 16.39 231 31.29 47.20 12.68 1.95
HS(NL3) 0.1482 16.24 272 37.39 118.49 14.77 2.79

STOS(TM1) 0.1452 16.26 281 36.89 110.79 14.50 2.22
LS (180) 0.1550 16.00 180 28.61 73.82 12.16 1.84
LS (220) 0.1550 16.00 220 28.61 73.82 12.67 2.05
Exp. ∼ 0.15 ∼ 16 240± 101 29.0 − 32.72 40.5 − 61.92 10.4 − 12.93 ! 2.04,5

1 [69]
2 [24]
3 [29]
4 [67], 1.97± 0.04 M⊙
5 [68], 2.01± 0.04 M⊙
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Fig. 2. Mass-radius relations for cold neutron stars in β-
equilibrium for various different SN EOSs. (color online)

LS180 and LS220 are also compatible with small neutron
star radii.

It is interesting to note that LS180 and FSU, as well as
LS220 and IUFSU, have similar mass-radius curves. Nev-
ertheless, the two LS models have very different neutron
matter EOSs, as will be shown below. Furthermore, the
LS models lead to notable differences in core-collapse su-
pernova simulations compared to FSUgold as was demon-
strated in refs. [29,28].

Fig. 3 shows the energy per baryon, E/N , for neutron
matter at T = 0 for the same set of EOSs. The neutron
matter EOS is important because its energy, E/N , gives a
contribution to the nuclear symmetry energy, S. The slope

of the curves is also important as it is directly related to
the pressure p via:

p = n2 ∂ (E/N)

∂n
. (1)

Here, n is the neutron number density. Note that the
pressure of isospin symmetric nuclear matter is by defini-
tion zero at saturation density. Consequently, the pressure
of neutron matter dominates the total baryon pressure
around ρ0.

Sophisticated new theoretical constraints for the neu-
tron matter EOS became available in the last years. One
of them is obtained from Chiral EFT. The latter repre-
sents a systematic approach to low density nuclear matter
and allows to estimate theoretical error bars. The con-
straints from ref. [74] at N3LO are shown in Fig. 3 via the
gray band. We remark that this band is consistent with
many other up-to-date sophisticated models for neutron
matter, for example Quantum Monte-Carlo [75], Auxil-
iary Field Diffusion Monte-Carlo calculations [76], or older
variational calculations [77].

The lines in Fig. 3 depict the different neutron mat-
ter EOSs. The used colors (color version online) distin-
guish the main characteristics of the underlying model for
the bulk nucleon EOS. In yellow we present the results of
the two LS non-relativistic Skyrme-like EOSs. They show
significant deviations which were first noted in ref. [74].
The neutron matter EOS of LS180 is so soft that it even
exhibits a region with negative neutron pressure where
d(E/N)/dn < 0.

Red lines (NL3, TM1, and TMA) depict standard non-
linear RMF models, where self-interactions of the ω and
σ mesons are included. These models experience problems
in reproducing the results from Chiral EFT: At low den-
sities they provide too much binding while at high densi-
ties they are too repulsive. The green lines (FSUgold, and

Fischer et al. 2014
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High-Fidelity Explosions in 2D

• Princeton group: no 2D 
explosions (Dolence et al. 
2015). 

• But see Skinner et al., 
arXiv:1512.00113

9

The Astrophysical Journal, 756:84 (22pp), 2012 September 1 Müller, Janka, & Marek

Figure 6. Snapshots of the evolution of model G11, depicting the radial velocity vr (left half of panels) and the entropy per baryon s (right half of panels) 115 ms,
203 ms, 290 ms, 490 ms, 658 ms, and 920 ms after bounce (from top left to bottom right).

active with strong dipole and quadrupole components (the max-
imum amplitudes being a1/a0 ≈ a2/a0 ≈ 0.3; Figure 3, right
panel). Around 400 ms, the average shock radius begins to move
outward rather steadily (Figure 2), and at about 430 ms, some
material becomes nominally unbound (Figure 5). Model G15
develops a strongly asymmetric explosion (Figures 4, 5, and 8):
by the end of the simulation, the shock has reached 3800 km

in the northern hemisphere, while the minimum shock radius
over the only remaining strong downflow in the southern hemi-
sphere is only 850 km (Figure 5); i.e., the ratio rmax/rmin of
the maximum and minimum shock radius is as large as 4.5:1.
Snapshots of the developing asymmetric explosion with even
more extreme shock deformation during earlier phases of the
explosion are shown in Figure 8.

9

Axisymmetric Core-Collapse Supernova Simulations 3
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Figure 1. Evolution of the entropy (upper half) and radial velocity (lower half) for B12-WH07, with snapshots at tpb = 12, 90, 150, 200, 300, 400, 600, and
800 ms. The scale grows in time to capture the expansion of the supernova shockwave, but the colormaps remain constant. The radial velocity portion is omitted
for the first two snapshots. (An animated version of this plot is available at http://astro.phys.utk.edu/activities%3achimera%3aseriesb).

Bruenn et al. (2013,2014)

Summa et al. (2015)

Mueller et al. (2012)

E. O’Connor & SMC (2016)

Progenitor-dependent Explosion Dynamics in Axisymmetric CCSN Simulations 9
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Figure 8. Snapshots of radial velocity (left halfs of the panels) and entropy per baryon (right halfs of the panels) for the four simulations of Model Set I at the
time of explosion (defined by the time when the ratio ⌧adv/⌧heat reaches unity).

surface Rs(✓) into Legendre polynomials Pl(cos✓). The ex-
pansion coefficients are defined by (Burrows 2012; Ott et al.
2013)

al =
1
2

⇡Z

0

Rs(✓)Pl(cos✓)d(cos✓). (15)

For the four models of Model Set I, the time evolution of
the coefficient a1 (dipole mode) is shown in Fig. 7 (upper
panel). At ⇠ 120ms after bounce (average shock radii be-
tween 120 km and 150 km, see Fig.2, first panel), shock slosh-

ing motions begin to grow in the well-known oscillatory way.
At this time, the lateral kinetic energy in the gain region in-
creases (see Fig. 7, third panel from top) and the postshock
flow becomes aspherical. All models exhibit strong quasi-
periodic shock oscillations with oscillation periods of 15 ms
to 20 ms. At ⇠ 220ms after bounce, the Si/Si-O composition
shell interface reaches the shock in the case of the two more
massive models, and the advection time scale and hence the
SASI oscillation period increase (Foglizzo et al. 2007; Scheck
et al. 2008; Guilet & Foglizzo 2012). During the shock ex-
pansion phase, the two models still show large shock oscilla-
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3D with Full Nu 
Transport

3D explosions required: 
• low-mass progenitor 
• (unphysically) large 

strangeness correction 
• rapid rotation

Janka, Melson, & Summa (2016)

  

Figure 2

Successful 3D explosion models of the Garching group obtained in self-consistent neutrino-hydrodynamics simulations with
the Prometheus-Vertex code. The panels show isoentropy surfaces of neutrino-heated, buoyant matter for a 9.6M� star
(top left; 97), a 20M� progenitor (top right; 98), and a rotating 15M� model (bottom left; 122). The supernova shock is
visible as a blue, enveloping surface. The average shock radii as functions of time are displayed in the lower right panel.

connected to the numerical grid and by technical features in the (simplified) modeling

setups. Future, well-resolved and fully self-consistent 3D simulations for larger sets of pro-

genitors and realistic pre-collapse perturbations in codes with low intrinsic noise level are

needed to confirm our expectation that the cores of collapsing stars can evolve through

SASI-dominated episodes at least transiently.

14 Janka, Melson, & Summa



FRIB TA Meeting, 1 April 2016 S.M. Couch

2 Lentz et al.
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Figure 1. Mean (solid) shock radius for models C15-3D (green), C15-2D
(black), and C15-1D (red) plotted versus time. Minima and maxima plotted
with dashed lines.
ology and initial conditions. An overview of the simulations
is presented in Section 3 with a focus on the differences be-
tween the 2D and 3D simulations in Section 4. We discuss
our results in context in Section 5 followed by a summary in
Section 6.

2. NUMERICAL METHODS AND INPUTS

Initial conditions are taken from the 15 M� pre-supernova
progenitor of Woosley & Heger (2007). The inner region
(10,700 km; 2.32 M�) is remapped onto 540 radial shells on
logarithmic radial grid (�r/r) modified to track density gra-
dients. Multi-dimensional simulations were initialized from
a 1D simulation at 1.3 ms after bounce by applying a 0.1%
random density perturbation over radii 10–30 km, mimicking
perturbations seen in simulations evolved through bounce in
2D. The angular grid of the 3D simulation (C15-3D) was ini-
tialized with a 180-zone (�� = 2

�) �-grid and a 180-zone ✓-
grid equally spaced in µ ⌘ cos ✓, i.e., equal solid angle. This
✓-grid widens the pole-adjacent zones (�` = R

sph

�� sin ✓)
and therefore the time step . We evolve in spherical symmetry
inside R

sph

= 6 km until 45 ms after bounce (when prompt
convection fades) thereafter setting R

sph

= 8 km. With this
grid, the pole-most zone is ⇡8.5� wide resulting in a mini-
mum length and time step ⇡4⇥ larger than for a uniform 2

� ✓-
grid (e.g., Hanke et al. 2013). 300 ms after bounce, the ✓-grid
was remapped in the 10 ✓-zones closest to each pole (⇡27�)
to uniform spacing (�✓ = 2.7�) and the �-sweep at the pole
was replaced by averaging, yielding similar time steps. The
axisymmetric simulation (C15-2D) uses 270 uniform ✓-zones
(�✓ = 2/3�).

These are the third series of CHIMERA simulations (Series-
C) and are substantially similar to the Series-B simulations
(Bruenn et al. 2013, 2014, hereafter B2013 and B2014). A
more extensive description of CHIMERA can be found in
Bruenn et al. (2014). The included microphysics are the
same as for the Series-B models including the spherical GR
terms in the gravity and transport. We solve the multi-group
flux-limited diffusion equations for all three flavors of neu-
trinos and anti-neutrinos with four coupled species: ⌫e, ⌫̄e,
⌫µ⌧ = {⌫µ, ⌫⌧}, ⌫̄µ⌧ = {⌫̄µ, ⌫̄⌧}, using 20 logarithmically
spaced energy groups ↵✏ = 4–250 MeV, where ↵ is the lapse
function and ✏ the comoving-frame group-center energy, in
the ray-by-ray approximation. The neutrino–matter interac-
tions used are the full set of B2014. We utilize the Lattimer
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Figure 2. Panel a: Diagnostic energy E+, and Panel b: Mass of shocked
cavity (solid), gain region (dashed), and unbound region (dash-dotted) plotted
in colors of Figure 1. See text and B2014 for definitions.
& Swesty (1991) EoS (incompressibility K = 220 MeV) for
⇢ > 10

11 g cm�3 and an enhanced version of the Cooper-
stein (1985) EoS for ⇢ < 10

11 g cm�3, and in outer regions a
14-species ↵-network (Hix & Thielemann 1999).

Relative to the Series-B simulations (B2013; B2014), the
neutrino transport solver now corrects for frame differences
between shock-adjacent zones when computing the flux and
flux gradients (S. W. Bruenn et al., in prep.), permitting spher-
ically symmetric CHIMERA simulations to track the late shock
retreat of the reference simulation in Lentz et al. (2012). This
improvement has a modest effect on the shock stalling radius.

All times are given relative to core bounce. The proto-NS
is defined as the volume where ⇢ > 10

11 g cm�3 and the
shocked ‘cavity’ is the volume between the proto-NS and the
shock.

3. SIMULATION OVERVIEW

After remapping from 1D, the multi-D simulations proceed
in similar fashion: convectively unstable regions left behind
by the shock progress through the Fe-core trigger prompt
convection inside the proto-NS, similar to the axisymmetric
Series-B simulations.

Neutrino heating establishes a heating region extending in-
ward from the shock to the gain surface, where net neutrino
heating transitions to net cooling. Starting at ⇡80 ms for both
multi-D simulations, heating at the base of the gain region
creates buoyantly unstable conditions, resulting in convective
plumes rising against the continuing inflow. Rising plumes

12

3D with Full Nu Transport
Mezzacappa et al. (2015), Lentz et al. (2015)

3D

2D

3D explodes later than 2D

Results from Oak 
Ridge Group

Core Collapse Supernova Mechanism Anthony Mezzacappa
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Figure 11: Evolution of the shock trajectory from our 1D model and the angle-averaged shock trajectories
from our 2D and 3D models, all for the 15 M� case [110]. The 1D model does not develop an explosion,
whereas an explosion is obtained in both our 2D and our 3D models.

Figure 12: Snapshot of the equatorial cross section of the entropy in our ongoing 3D simulation for
the 15 M� case at ⇠441 ms after bounce [110]. Red indicates high-entropy, expanding, rising material.
Green/blue indicates cooler, denser material. Evident are significant (green) down flows fueling the neutrino
luminosities.

that the development of the explosion in the 3D case is slower. In the 2D case, the shock radius
changes rapidly beginning at about 200 ms after bounce. In the 3D case, the shock radius does not
begin to climb dramatically until approximately 100 ms later, at ⇠300 ms after bounce. The 1D
and 2D/3D angle-averaged shock radii diverge at approximately 125 ms after bounce, and the 2D
and 3D angle-averaged shock radii diverge later, at about 200 ms after bounce.

Figure 12 is a snapshot of a 2D slice of our ongoing 3D model at approximately 441 ms after
bounce. Shown is the stellar core entropy. The shock wave is clearly outlined by the jump in en-
tropy across it. Neutrino-driven convection is evident in the slice. Hotter (red) rising plumes bring
neutrino-heated material up to the shock, while cooler (green) down flows replace the fluid below.

13

15 solar-mass 
progenitor

Only 2° resolution…
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Resolution  
Dependence

13

D. Radice, C. Ott, SMC, et al., ApJ, 820, 76 

3D Slices
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Entropy

Low  
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• Analytic accretion shock 
IC’s 

• Inner boundary 

• Lightbulb heating/cooling 

• Fixed-metric GR
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3(D) steps forward, 1(D) step back?
• Success of explosions in 2D may not be recovered in 

3D…  We must be missing physics, or getting the 
physics wrong... 

• Possibilities: 

• Progenitor structure 

• MHD/rotation 

• Behavior of turbulence/low-resolution 

• Neutrino effects (i.e., oscillation, x-sections, sterile) 

• Equation of state 

• Nuclear physics (i.e., strangeness)

14
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CCSN is an Initial Value Problem

• Stars are not (perfectly) spherical 

• All stars rotate 

• All stars have magnetic fields 

• >50% of SN progenitors in interacting 
binaries

15

…And we have problems with our initial values
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Unperturbed PerturbedSMC & Ott (2013, 2015); SMC et al. (2015)
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Unperturbed PerturbedSMC & Ott (2013, 2015); SMC et al. (2015)
Progenitor Asphericity in 3D



JINA Online Seminar, 29 January 2016 S.M. Couch

Connecting to Observation

17

• Gravitational Waves 

• Neutrinos 

• NS/BH mass 
distributions 

• Nucleosynthesis 

• Light curves/spectra 

• Nuclear data

GW strain

J. Lippuner, L. Roberts

With an explosion model:
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Toward predictive CCSN theory

• Modern high-performance computing 
revolutionizing CCSN theory 

• CCSN mechanism depends critically on 
nuclear theory input 

• Understanding sensitivity to nuclear 
physics requires robust explosion model 

• Goal of predictive CCSN theory within 
reach!

18

SMC & Ott (2013)


