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Hillebrandt & Janka 2006 (Sci Am)
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Neutrino trapping

Electron-neutrino mean free path decreases much more rapidly with 
density than does the core size, and the neutrinos become trapped in 
the core. 

Degenerate electron-neutrino Fermi sea develops (EF > 100 MeV)

During stellar core collapse, the neutrino opacity is 
dominated by coherent scattering on nuclei.

Freedman, PRD 9, 1389 (1974)

Arnett, ApJ 218, 815 (1977)
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Important neutrino emissivities/opacities

€ 

e− + p,A↔ν e + n,A'
e+ + e− ↔ν e,µ,τ + ν e,µ,τ

v + n, p,A→ v + n, p,A

v + e−,e+ → v + e−,e+

N + N↔ N + N + ν e,µ,τ + ν e,µ,τ

ν e + ν e ↔ν µ,τ + ν µ,τ

¬
 

Reddy, Prakash, and Lattimer, PRD, 58, 013009 (1998)
Burrows and Sawyer, PRC, 59, 510 (1999)

• (Small) Energy is exchanged due to nucleon recoil.
•  Many such scatterings.

Hannestad and Raffelt, Ap.J. 507, 339 (1998)
Hanhart, Phillips, and Reddy, Phys. Lett. B, 499, 9 (2001) 

• New source of neutrino-antineutrino pairs.

“Standard” Emissivities/Opacities

¬
 

Bruenn, Ap.J. Suppl. (1985) 
• Nucleons in nucleus independent. (N>40 --> e capture quenched)
• No energy exchange in nucleonic scattering.

Langanke, ..., Messer, et al. PRL, 90, 241102 (2003)
•  Include correlations between nucleons in nuclei.

Janka et al. PRL, 76, 2621 (1996)
Buras et al. Ap.J., 587, 320 (2003)
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Spherically symmetric collapse

Messer(2000)
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Thompson, Burrows, & Pinto ApJ 592:434-456, 2003
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Post-bounce profile
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Essential physical realism in neutrino 
transport
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Lentz et al. Ap.J. 747, 73 (2012) 

See also B. Mueller et al. 2012. Ap.J. 756, 84 for a comparison in the  
context of 2D models, with similar conclusions. 

ReducOp = Bruenn (1985) – NES + Bremsstrahlung (no neutrino energy scattering, IPM for nuclei) 
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Figure 2. Shock trajectories in km, versus time after bounce, for all models.
The colors have the same meaning as in Figure 1. Shock position is computed
by bisecting the pair of mass shells with the largest negative radial velocity
gradient −∂vr/∂r.
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Figure 3. Comoving-frame neutrino luminosities measured at 400 km for
all models. Colors are as in Figure 1. Electron neutrino, νe, luminosities
are represented by solid lines, ν̄e-luminosities by dotted lines, and νµτ -
luminosities by dashed lines. ν̄µτ -luminosities are indistinguishable from
νµτ -luminosities, and omitted from this figure. The luminosities are in
Bethe s−1, where 1 Bethe = 1051 ergs. The lower panel provides a detailed
view of the luminosities below 40 Bethe s−1 during the first 100 ms after
bounce.

(2001), and Buras et al. (2006) using different progenitors,
different opacity sets (similar to ReducOp, though including
NES), different energy and angle resolutions, and for the latter
two cases, different codes. Our GR/Newtonian comparison is
included here for completeness and to facilitate relative com-
parisons across all four models.

4.2. Reduced Neutrino Opacities
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Figure 4. Comoving-frame neutrino RMS energies, 〈Eν〉RMS =
(
∫
dµ dE E4F/

∫
dµ dE E2F )1/2, measured at 400 km for all models.

RMS energy is computed over number density, not number flux. Colors are
as in Figure 1. Line styles are as in Figure 3. The lower panel provides
a detailed view of 〈Eν〉RMS for values less than 20 MeV over the perious
±40 ms.

The changes induced as we go from the FullOp opaci-
ties (model N-FullOp) to the ReducOp opacities (model N-
ReducOp) in the Newtonian-gravity,O(v/c)-hydrodynamics,
and O(v/c)-transport limit are more dramatic than those seen
for the transition from models GR-FullOp to N-FullOp in
§4.1. The shock position at bounce changes from 0.492 M!

for N-FullOp to 0.717 M! for N-ReducOp (Figure 1), with
the entropy peak (upper right) making the same shift. The in-
crease in the initial shock mass, Msh, is correlated with the
corresponding increase in core lepton fraction, from YL =
0.28 to 0.37 (Msh ∝ Y 2

L ). The larger Msh for N-ReducOp,
relative to the other models, results in a correspondingly larger
region of high pressure, temperature, and density at bounce.
The vigorous post-bounce shock of model N-ReducOp results
in a strong “ringing” of the shock (Figure 2). Thompson et al.
(2003) reported a similar ringing for their “no NES” model.

The νe-luminosity of the N-ReducOp model reaches the
same peak value as in the N-FullOp model, 450 Bethe s−1,
but the breakout burst is much shorter in duration and
represents a smaller total emission of νe. The shock
starts out at a larger mass coordinate and passes through
less total mass before becoming a steady accretion shock.
Like Thompson et al. (2003), we see oscillations of the ν-
luminosities and 〈Eν〉RMS (Figures 3 & 4) just after bounce
induced by shock oscillations passing through the neutri-
nospheres.

The differences between the N-FullOp and N-ReducOp
models can be understood by considering three opacity

Neutrino Transport for Core-collapse Supernovae 7
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Figure 2. Shock trajectories in km, versus time after bounce, for all models.
The colors have the same meaning as in Figure 1. Shock position is computed
by bisecting the pair of mass shells with the largest negative radial velocity
gradient −∂vr/∂r.
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Figure 3. Comoving-frame neutrino luminosities measured at 400 km for
all models. Colors are as in Figure 1. Electron neutrino, νe, luminosities
are represented by solid lines, ν̄e-luminosities by dotted lines, and νµτ -
luminosities by dashed lines. ν̄µτ -luminosities are indistinguishable from
νµτ -luminosities, and omitted from this figure. The luminosities are in
Bethe s−1, where 1 Bethe = 1051 ergs. The lower panel provides a detailed
view of the luminosities below 40 Bethe s−1 during the first 100 ms after
bounce.

(2001), and Buras et al. (2006) using different progenitors,
different opacity sets (similar to ReducOp, though including
NES), different energy and angle resolutions, and for the latter
two cases, different codes. Our GR/Newtonian comparison is
included here for completeness and to facilitate relative com-
parisons across all four models.

4.2. Reduced Neutrino Opacities
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Figure 4. Comoving-frame neutrino RMS energies, 〈Eν〉RMS =
(
∫
dµ dE E4F/

∫
dµ dE E2F )1/2, measured at 400 km for all models.

RMS energy is computed over number density, not number flux. Colors are
as in Figure 1. Line styles are as in Figure 3. The lower panel provides
a detailed view of 〈Eν〉RMS for values less than 20 MeV over the perious
±40 ms.

The changes induced as we go from the FullOp opaci-
ties (model N-FullOp) to the ReducOp opacities (model N-
ReducOp) in the Newtonian-gravity,O(v/c)-hydrodynamics,
and O(v/c)-transport limit are more dramatic than those seen
for the transition from models GR-FullOp to N-FullOp in
§4.1. The shock position at bounce changes from 0.492 M!

for N-FullOp to 0.717 M! for N-ReducOp (Figure 1), with
the entropy peak (upper right) making the same shift. The in-
crease in the initial shock mass, Msh, is correlated with the
corresponding increase in core lepton fraction, from YL =
0.28 to 0.37 (Msh ∝ Y 2

L ). The larger Msh for N-ReducOp,
relative to the other models, results in a correspondingly larger
region of high pressure, temperature, and density at bounce.
The vigorous post-bounce shock of model N-ReducOp results
in a strong “ringing” of the shock (Figure 2). Thompson et al.
(2003) reported a similar ringing for their “no NES” model.

The νe-luminosity of the N-ReducOp model reaches the
same peak value as in the N-FullOp model, 450 Bethe s−1,
but the breakout burst is much shorter in duration and
represents a smaller total emission of νe. The shock
starts out at a larger mass coordinate and passes through
less total mass before becoming a steady accretion shock.
Like Thompson et al. (2003), we see oscillations of the ν-
luminosities and 〈Eν〉RMS (Figures 3 & 4) just after bounce
induced by shock oscillations passing through the neutri-
nospheres.

The differences between the N-FullOp and N-ReducOp
models can be understood by considering three opacity

Luminosity RMS Energy

GR: Higher luminosity, harder spectrum

ReducOp opacities: Narrower breakout burst

No Observer Corrections: Greatly reduced breakout burst and  
luminosity in accretion phase

Solid: νe
Dotted: νe

Dashed: νμτ

Lentz et al. (2012) ApJ, 760, 94
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Late-time signal dependent on progenitor 
structure

Detec7on*on*Earth*

•  We*use*SNOwGLoBES*(Scholberg*2012)*to*reconstruct*the*number*of*
events*in*a*Super%K%like*ν*detector*for*a*10*kpc*supernova*

•  Same*trends*as*
cumula7ve*ν*energy*

•  Stronger*EOS*
dependence*as*cross*
sec7ons*are*very*
sensi7ve*to*energies*

•  The*early*postbounce*
preexplosion*ν*signal*will*
tell*us*the*compactness*
of*the*progenitor*star!*

LS220*

12 -120 M¤

• O’Connor & Ott ApJ 730, 70 (2011)

• Non-exploding 1D models - ν emission relates inner stellar structure and composition
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CHIMERA 
•  “Ray-by-ray-Plus” MGFLD Neutrino Transport
–  O(v/c), GR time dilation and redshift, GR aberration

•  PPM Hydrodynamics (finite-volume)
–  GR time dilation, effective gravitational potential
–  adaptive radial grid

•  Lattimer-Swesty EOS + low-density BCK EOS
– K=220 MeV
– low-density EOS (BCK+NSE solver) “bridges”                                 

LS to network

•  Nuclear (Alpha) Network
–  14 alpha nuclei between helium and zinc

•  Effective Gravitational Potential
–  Marek et al. A&A, 445, 273 (2006)

•  Neutrino Emissivities/Opacities
–  “Standard” + Elastic Scattering on Nucleons + Nucleon–

Nucleon Bremsstrahlung
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Bruenn et al. 2013. ApJ, 767L, 6B.
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Explosion energy & neutrino heating/cooling
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Multi-flavor detection

C15-2D, angle-averaged, SNOwGLoBES Ar17kt, 10 kpc

µ,τ fluxes are 0.5x
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Example of observables: Anatomy of a GW signature

17

Prompt Convection
Early Shock Deceleration

• Lower-Frequency 
Envelope: SASI-Induced 
Shock Excursions

• Higher-Frequency 
Variations: Impingement 
of Downflows on 
PNS from Neutrino-
Driven Convection and 
SASI

Later Rise: Prolate Explosion/Deceleration at Shock 

Yakunin, ..., Messer, et al. 2010. Class. Quantum Grav. 27,194005.
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15 solar mass 3D run

•15 solar mass WH07 progenitor
•540 radial zones covering inner 11000 km
•180 phi zones (2 degree resolution)
•180 theta zones in "constant mu" grid, from 2/3 degree 
at equator to one 8.5 degree zone at pole.

• “Full” opacities
•0.1% density perturbations (10-30 km) applied at 1.3 ms 
after bounce in transition from 1D.

~6 months on ~48,000 cores

Thursday, June 18, 15

http://eagle.phys.utk.edu/chimera/trac/wiki/progenitors/WH07
http://eagle.phys.utk.edu/chimera/trac/wiki/progenitors/WH07


Lentz et al. 2015. In press, ApJL
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Lentz et al. 2015. In press, ApJL
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3D vs 2D luminosities 3D CORE-COLLAPSE SUPERNOVA SIMULATION 3
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Figure 3. a) Net neutrino heating in the gain region. b) νe (solid), ν̄e (dashed), and νµτ (dash-dotted) total luminosities at 1000 km. c) Neutrino heating
efficiencies. d) (inward) Accretion rates at gain radius (solid) and shock (dash-dotted). e) Advection–heating time scale ratio, τadv/τheat. f) Turbulent kinetic
energy. Data for C15-2D is averaged with a 25-point boxcar (∼8 ms). Plotted using colors of Figure 1.

indicating earlier shock revival and explosion. The shock
for C15-1D, which lacks multi-dimensional flows, reaches a
maximum radius of ≈180 km at ≈80 ms and recedes there-
after, typical of 1D CCSN simulations.

The shock in C15-2D expands rapidly from ≈230 ms on-
ward (Figure 1), with the diagnostic energy10 E+ (Figure 2a)
simultaneously becoming positive. E+ surpasses 0.01 B by
250 ms and grows rapidly thereafter. For C15-3D, the first ev-
idence of potential explosion begins with an increased growth

10 following B2014, E+ is defined as the integral of the total energy (ther-
mal, kinetic, and gravitational) in all zones of the cavity where locally posi-
tive.

of Rshock at ≈280 ms, accelerating after ≈350 ms, as the
largest buoyant plume expands, leading to a small, but grow-
ing E+.

The explosion is clearly more energetic in C15-2D at all
times (Figure 2a). We evaluate the growth of E+ over a com-
mon period beginning when Rshock exceeds 500 km and end-
ing 45 ms later. For C15-3D, Rshock passes 500 km at 393 ms
when E+ is 0.034 B, which grows to 0.067 B at 438 ms when
Rshock is 735 km. For C15-2D, Rshock exceeds 500 km at
278 ms when E+ is 0.041 B, which grows to 0.147 B at
323 ms when Rshock reaches 900 km. Over this 45 ms com-
parison period, the E+ growth rate is 0.73 B s−1 for C15-3D

Lentz et al. 2015. In press, ApJL
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1D vs. 2D vs. 3D2 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.

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, yeilding similar time
steps. The axisymmetric simulation (C15-2D) uses 270 uni-
form ✓-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. We solve for all three flavors of
neutrinos 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. The
neutrino–matter interactions used are the full set of B2014.
We utilize the Lattimer & Swesty (1991) EoS (incompress-
ibility K = 220 MeV) for ⇢ > 10

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

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

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
begin to affect the shock surface at ⇡95 ms for C15-3D and
⇡105 ms for C15-2D, as seen by the separation of the mini-
mum and maximum shock radii (Figure 1; dashed lines). Over
the next ⇠50 ms, both models become completely convec-
tive within the shocked cavity. For C15-3D this results in
a flat mean shock radius, R

shock

, that rises gradually until
⇡280 ms. For C15-2D, R

shock

oscillates and grows faster,

Lentz et al. 2015. In press, ApJL
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these are di↵erent e↵ects that can coexist. In particu-
lar, while we find LESA for all three studied progenitors,
SASI occurs only for the heavier ones. Any influence of
SASI on the LESA dipole orientation seems to depend
on the relative LESA and SASI dipole orientations, both
randomly established for each progenitor. LESA survives
phases of violent SASI activity, even though it may be
somewhat masked by the latter. Further analysis on the
LESA phenomenon and hydrodynamical simulations for
more SN progenitors are needed to properly disentangle
the two e↵ects.

During the standing-shock accretion-powered phase of
neutrino emission, several new e↵ects develop in 3D in
contrast to the traditional spherically-symmetric picture.
This phase o↵ers a rich variety of new hydrodynamical
and neutrino-hydrodynamical phenomenology that has
only begun to be explored. The theory of neutrino fla-
vor conversion with neutrino-neutrino refraction needs to
be further developed to understand its role during this
phase. A future high-statistics observation by IceCube
and Hyper-Kamiokande will provide opportunities to test
such e↵ects, and in particular the appearance of SASI
modes.
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Appendix A: Neutrino Flux Projections

Given the neutrino emission characteristics at the SN
from a 3D simulation we need to calculate the flux mea-
surable by a distant observer, closely following Ref. [51].
Given a coordinate system in which the simulation has
been performed (see Fig. 17), the observer is located
at a large distance D � R in an arbitrary direction
⌦ = (⇥,�). Here R is the radius of a sphere near the SN
where the neutrino intensities are specified by the out-
put of the code. We have chosen R = 500 km so that
it is not necessary to apply coordinate transformations
and redshift e↵ects between the fluid frame and the dis-

FIG. 17: Sketch of the quantities appearing in the calculation
of the SN neutrino flux measured by a distant observer. The
neutrino intensity is defined in terms of the location R of
the emitting surface element dA and the angle ! = (✓,�) of
emission relative to the direction R. The observer is located
at a distanceD � R in an arbitrary direction ⌦ = (⇥,�), and
� is the angle between the location of the radiating surface
element and the direction of the observer.

tant observer. All quantities depend on time t, which we
never show explicitly, and we neglect retardation e↵ects
between neutrinos emitted from di↵erent regions of the
emitting surface.
We assume that the neutrino intensity I(R,!) is given

in terms of the location R on the emitting surface. The
angle ! = (✓,�) describes the angular emission charac-
teristic relative to the direction R on the surface. While
the intensity is usually defined as the local spectral en-
ergy density of the neutrino radiation field for a given
direction of motion ! times the speed of light, we here
take it to be integrated over energy or over a specific en-
ergy bin. It is trivial to go back to spectral quantities
(di↵erential with regard to neutrino energy).
In order to obtain the energy flux at the location of the

observer we have to integrate over solid angles d⌦0 over
the surface of the source as seen by the observer and add
up the flux contributions emitted by each surface element
in the direction of the observer. A given area dA on the
emitting surface has the transverse cross section, as seen
by the observer, of cos � dA where � is the angle between
R (location of the surface element) and the direction of
the observer (see Fig. 17) so that d⌦0 = cos � dA/D2.
The observable flux is therefore

F⌦ =
1

D2

Z

visible
surface

dA cos � I(R,!⌦) , (A1)

where !⌦ is the emission direction toward the observer
and F⌦ is the energy flux at distance D in the direction
⌦. If the observer interprets this flux as originating from
a spherically symmetric source, the measured flux cor-
responds to the 4⇡-equivalent luminosity of 4⇡D2 times

Tamborra, et al.
Phys.Rev. D90 (2014) 045032

“In principle, I(R,θ) can be extracted 
from the numerical results, but would 
require a vast amount of post-
processing of huge data files. 
Instead, we fall back on a simple 
approximation...”
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Summary

• There is evidence that sufficiently realistic, 
multidimensional CC SNe simulations can produce 
explosions that match observations in several multi-
messenger channels.

• Necessary realism for CCSNe simulation: Multifrequency 
neutrino transport with relativistic effects, a state-of-the-art 
weak interaction set, and general relativity

• Self-consistent CHIMERA simulations point to a successful 
neutrino-reheating mechanism, with the explosion delayed 
by 300 ms or more after bounce and with outcomes 
consistent with observations, in 2D.

• A three-dimensional simulation for a 15 M☉ progenitor also 
produces a neutrino-driven explosion, but delayed relative 
to 2D.
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