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FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15 M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.
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a Skyrme force for the nucleon interaction. Our choice of
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
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for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
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1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].
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of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS

3

      
0

100

200

300

400

      
0

5

10

15

20

25

30

l25
l15
s25a28
s20
s15a28
s15s7b2
s11.2
n13

-5 0 5 10 15 20
0

10

20

30

40

50

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

νe

ν̄e

νµ, ντ

      
0

100

200

300

400

      
0

10

20

30

40

s25s28_lms
s25a28
s15a28_lms
s15a28

-5 0 5 10 15 20
0

10

20

30

40

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

νe

ν̄e

νµ, ντ

      
0

100

200

300

400

500

      
0

5

10

15

20

25

30

-5 0 5 10 15 20
0

10

20

30

40

tpb[ms]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

L ν
[1
05
1 e
rg
/s
]

Wolff
Shen
L&S

νe

ν̄e

νµ, ντ

FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS
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FIG. 1: Luminosities as functions of time for νe (top), ν̄e (middle) and heavy-lepton neutrinos (bottom). In the left column
results for different progenitor stars between 11.2 M⊙ and 25M⊙ (left column; the progenitor mass is indicated by the number
after the first letter of the model name [19]) are shown, in the middle column for simulations with the new treatment of electron
captures by nuclei during stellar core collapse according to Langanke, Mart́ınez-Pinedo and Sampaio (LMS; red solid and dotted
lines) compared to the traditional description (black lines) in case of a 15M⊙ and a 25 M⊙ star. The right column shows results
for three different nuclear equations of state applied to the collapse of a 15 M⊙ progenitor (see text for more details). The
luminosities are given for an observer at rest, evaluated at a radius of 400 km with a corresponding time retardation of about
1ms. Time is normalized to the moment of shock formation defined by the instant when the entropy behind the shock first
exceeds a value of 3 kB per nucleon.

bounce, and postbounce evolution [23, 24]. In the panels
of the middle columns of Figs. 1 and 2 one can see the
corresponding differences in the neutrino emission prop-
erties for simulations of a 15 M⊙ and a 25 M⊙ progeni-
tor with the new capture rates according to Langanke,
Mart́ınez-Pinedo and Sampaio (LMS) [25] in comparison
to runs with the traditional rate treatment. Despite of
the visible variations with the rate treatment, however,
the spread of results for different progenitors does not
widen and again the core properties seem to converge
during collapse by a self-regulation of electron captures.
It is unlikely that this result will change when incoherent
neutrino scattering off nuclei is included in the models.
The effects of this process during stellar core collapse
have not been satisfactorily explored yet.

There is still considerable uncertainty in the supernova
simulations due to our incomplete knowledge of the nu-
clear equation of state. The runs for the different pro-
genitors as well as the studies with varied electron cap-
ture rates were all performed with the nuclear equation
of state (EoS) of Lattimer and Swesty (L&S) [26], which
is most widely used in core collapse simulations. It is
based on a compressible liquid drop model and employs
a Skyrme force for the nucleon interaction. Our choice of
the compressibility modulus of bulk nuclear matter was
180 MeV, and the symmetry energy parameter 29.3 MeV,
but the differences in the supernova evolution caused by
other values of the compressibility of this EoS were shown
to be minor [13, 27].

We have recently tested the effects of the nuclear EoS

Kachelrieß+ 2005  

progenitor mass e- capture in collapse EOS 

EOS dependence of inner-core mass at bounce

L. Hüdepohl, PhD Thesis (2013)

Janka et al., PTEP (2012)
(from A. Marek, PhD Thesis)

✘ ✘ ✔
Changes trapped lepton fraction  

and 
free proton fraction



…but, modern EOS’s have much smaller 
differences.

R. Landfield, PhD thesis (2017, U. Tennessee)

+ consistent treatment of e- 
capture on nuclei during 

collapse 



…but, modern EOS’s have much smaller 
differences.

R. Landfield, PhD thesis (2017, U. Tennessee)

~2%

+ consistent treatment of e- 
capture on nuclei during 

collapse 



Post-bounce profile

Hillebrandt & Janka 2006 (Sci Am)



Neutrino heating in the gain region
Neutrino heating depends on  
neutrino luminosities, spectra,  
and angular distributions. 

� Must compute neutrino distribution functions. 

f (t, r,θ,φ,E,θ p,φp )

ER (t, r,θ,φ,E) = dθ p∫ dφp f

FR
i (t, r,θ,φ,E) = dθ p∫ dφp n

i f

Multifrequency 
Multiangle 

Multifrequency 
(solve for  

lowest-order  
multifrequency 

angular moments: 
energy and momentum  

density/frequency) 

Requires a closure prescription: 
•  MGFLD 
•  MGVEF/MGVET 



Bruenn et al. 2013. ApJ, 767L, 6B. 



Supernova neutrino “light curves”
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Many 2D simulations have been performed 
in the past few years by several groups.
adapted from O’Connor & Couch (2016)

SUBMITTED TO APJ ON 2015 NOVEMBER 23 O’CONNOR & COUCH

Table 1

Reference Gravity EOS Grid ⌫ Treatment s12 s15 s20 s25
Exp? texp [s] Exp? texp [s] Exp? texp [s] Exp? texp [s]

Bruenn et al. (2013) GREP LS220 Spherical MGFLD RxR+ Yes 0.236 Yes 0.233 Yes 0.208 Yes 0.212
Hanke (2014) GREP LS220 Spherical VEF RxR+ Yes 0.79 Yes 0.62 Yes 0.32 Yes 0.40
this work GREP LS220 Cylindrical MG M1 No – Yes 0.737 Yes 0.396 Yes 0.350
Dolence et al. (2015) NW H. Shen Cylindrical MGFLD No – No – No – No –
Suwa et al. (2014) NW LS220 Spherical IDSA RxR Yes 0.425 No – No – N/A N/A
this work NW LS220 Cylindrical MG M1 No – No – No – No –

Note. — GREP gravity is used to denote Newtonian hydrodynamic simulations with an effective, spherically symmetric, GR potential instead of the Newtonian
monopole term. NW gravity is pure Newtonian gravity. The LS220 EOS is the Lattimer & Swesty (1991) K0 = 220MeV EOS while H. Shen is the EOS from
Shen et al. (2011). The neutrino treatment in Bruenn et al. (2013) is multigroup flux-limited diffusion (MGFLD) and in Hanke (2014) is a two moment scheme
with the closure solved by a model Boltzmann equation. Both of these transport schemes use the the ray-by-ray+ (RxR+) approximation for the multidimensional
transport treatment where the transport is solved only in the radial direction (along rays). The ‘+’ refers to the addition of advection of neutrinos in the lateral
direction in optically thick regions. Dolence et al. (2015) use MGFLD as well, but solve the multidimensional transport directly. Suwa et al. (2014) employ
the isotropic diffusion source approximation, akin to MGFLD, and use the ray-by-ray approximation. Bruenn et al. (2013) defines the explosion time as the
postbounce time when the shock reaches 500 km. We use this definition for extracting the explosion time from Suwa et al. (2014). Hanke (2014) only shows
shock radius data to 400 km, therefore we use the postbounce time when the shock reaches this radius. However, this makes no qualitative difference since the
shock expansion is quite rapid at this time. We also show the results of this work. We use the abbreviation MG M1 to denote multigroup M1 neutrino transport.

moment evolution equations (i.e. ↵ = 1;@i� = 0). Finally,
⌘, a, and s are the neutrino emissivity, absorption opacity,
and scattering opacity, respectively, which depend on the lo-
cal density, temperature, and electron fraction as well as the
neutrino species and energy. For the remainder of this sec-
tion we describe the numerical techniques used to solve these
equations and the microphysics used to compute the neutrino
interaction coefficients.

Closure: To close the hierarchy of moment evolution equa-
tions after the first two moments, we must specify a closure
relation for the Eddington tensor Pi j in terms of the two lower
moments E and Fi. We choose the common M1 closure. In
regions where the radiation is isotropic, Pi j ⌘ Pi j

thick = �i jE/3
and in regions far from the source, Pi j ⌘ Pi j

thin = E(FiF j/F2).
Therefore, for our Eddington tensor, we choose a common
interpolation between these two limiting regimes,

Pi j =
3(1 -�)

2
Pi j

thick + 3�- 1
2

Pi j
thin , (12)

or, using the expressions mentioned above,

Pi j =


3(1 -�)
2

�i j

3
+ 3�- 1

2
FiF j

F2

�
E . (13)

In these equations � is taken to be

� =
1
3

+ 2
15

(3 f 2 - f 3 + 3 f 4) , (14)

where f ⌘ (FiFi/E2)1/2 is the flux factor. f is equal to 0 if the
radiation is isotropic, which gives a � = 1/3 and Pi j = Pi j

thick. f
is 1 if the radiation is fully forward peaked in some direction.
For this case, � = 1 and Pi j = Pi j

thin.
Explicit Fluxes: For computing the spatial flux terms on the

left hand side of Eq. 7-Eq. 11, we use finite differencing,

@x[↵rmFx] =
(↵rm)(k+1/2)F(k+1/2) - (↵rm)(k-1/2)F(k-1/2)

�x
, (15)

and

@x[↵rmPxi] =
(↵rm)(k+1/2)P i

(k+1/2) - (↵rm)(k-1/2)P i
(k-1/2)

�x
, (16)

where m is either 0,1,2. To obtain the interface fluxes F(k+1/2)
and P i

(k+1/2), we use the standard HLLE Riemann solver for

hyperbolic equations. For the flux evaluation at an interface
(k +1/2), we reconstruct E and Fi/E to both sides of the zone
interfaces using 2nd-order TVD (total variation diminishing)
interpolation. On both sides of the interface we recompute
the closure via Eq. (13) to obtain the cell interface values of
Pi j. The characteristic speeds for the Riemann solver are cal-
culated in a similar way as the closure in that we interpolate
between the optically thick and optically thin limits. First,
for each interface (characterized here by the direction k), we
determine the minimum and maximum speeds on each side
of the interface in both the optically thin and optically thick
limits. For the optically thick limit the choice is clear,

�(k)
thick,min = - 1p

3
;�(k)

thick,max = + 1p
3
. (17)

For the thin limit, and our choice of closure, the maximum
and minimum characteristic speeds are (Shibata et al. 2011)

�(k)
thin,min/max = min/max

✓
±Fk

p
FiFi

,E
Fk

FiFi

◆
. (18)

Next, to determine the maximum and minimum speed on each
side of the interface we interpolate between the optically thick
(�(k)

thick) and free streaming (�(k)
thin) regimes via,

�(k)
min/max =

3(1 -�)
2

�(k)
thick,min/max + 3�- 1

2
�(k)

thin,min/max . (19)

The final step to determine the minimum and maxi-
mum speeds for the Riemann solver is to take �(k),+ =
max(�(k),(R)

max ,�(k),(L)
max ) and �(k),- = min(�(k),(R)

min ,�(k),(L)
min ). Where

(R) and (L) denote the right and left side of the interface, re-
spectively.

With the reconstructed moments and minimum and maxi-
mum characteristic speeds in hand, the HLLE Riemann solu-
tion for the fluxes at the interface is then,

F(k+1/2),HLLE =
�(k),+Fk,(L) -�(k),-Fk,(R) +�(k),+�(k),-(E (R) - E (L))

�(k),+ -�(k),-
(20)

and

P j
(k+1/2),HLLE =

�(k),+P(L)
k j -�(k),-P(R)

k j +�(k),+�(k),-(F (R)
j - F (L)

j )
�(k),+ -�(k),-

(21)

4

Burrows et al.(2016)   GREP   LS220    Spherical      MG M1         Yes    ~.310   Yes     ~.370    Yes   ~.410    Yes    ~.340     

O’Connor & Couch (2016)

O’Connor & Couch (2016)

Explosions!

€

ds2 = −α 2dt 2 +
r'

Γ
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) 
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2

da2 + r2 dθ 2 + sin2θdϕ 2( )

GRNewtonian



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

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


Lentz et al. ApJL 807, L31 (2015) 
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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. ApJL 807, L31 (2015)  

Large-scale,  
episodic accretion in 2D

Only small-scale differences 
 in accretion in 3D



3D vs 2D continued
 11.2, 20, 27 Msun progenitors (WH 2007)

Florian Hanke, 
PhD project (2014)

3D Core-Collapse SN Explosion Models

Shock radii (max., min., avg.) vs. time

Neutrino 
luminosities

3D 2D
Time scale 

ratio

2D

3D

2D

3D

20 Msun
2D

3D

11.2 Msun 27 Msun

Florian Hanke, PhD project (2014), MPA  3D Core-Collapse SN Explosion Models

20 Msun (solar-metallicity) progenitor (Woosley & Heger 2007)

 Melson et al., ApJL 808 (2015) L42 Effective reduction of neutral-current neutrino-nucleon
scattering by ~15%

Currently favored
theoretical & experimental 
(HERMES, COMPASS) value:
                gas ~ ‒0.1

We use:
ga = 1.26
gas = ‒0.2

Explore uncertain aspects of 
microphysics in neutrinospheric region:
Example: strangeness contribution to nucleon 
spin, affecting axial-vector neutral-current 
scattering of neutrinos on nucleons

3D Core-Collapse SN Explosion Models

20 Msun (solar-metallicity) progenitor (Woosley & Heger 2007)

 Melson et al., ApJL 808 (2015) L42 Effective reduction of neutral-current neutrino-nucleon
scattering by ~15%

Currently favored
theoretical & experimental 
(HERMES, COMPASS) value:
                gas ~ ‒0.1

We use:
ga = 1.26
gas = ‒0.2

Explore uncertain aspects of 
microphysics in neutrinospheric region:
Example: strangeness contribution to nucleon 
spin, affecting axial-vector neutral-current 
scattering of neutrinos on nucleons

but…

Effective reduction of neutral-current 
neutrino-nucleon scattering by ~15%  



Probing multi-D supernova dynamics

Tamborra+ (2013), PRL

Hanke+ (2013), ApJ

• Neutrino-driven 
convection & standing 
accretion shock 
instability (SASI) 
modulate neutrino 
signal.



LESA

A New Nonradial 3D 
Instability:  "LESA"

ν
ν

Lepton Emission Self-sustained Asymmetry
caused by

dipolar convection and accretion asymmetry from Tamborra (FOE2015, NCSU)

Lepton-number Flux Evolution

★ Monopole evolution strongly depends on the accretion rate and varies between models.  
★ Maximum dipole amplitude similar in all cases. 
★ Dipole persists during SASI activity.
★ Dipole direction different in each progenitor. 

Monopole and dipole of the lepton number fluxSelf-sustained asymmetry of lepton-number emission in supernovae 5
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Figure 3. Time evolution of the lepton-number emission (⌫e minus ⌫̄e) for the 11.2, 20 and 27 M� models as labelled. For each model, the upper panels show the
overall lepton number flux (monopole of the angular distribution; red curve) and its dipole component (blue curve), and the lower panels display the zenith angle
✓ (green line) and the azimuth angle � (magenta line) of the dipole direction, which describes the track shown for the 11.2 M� case in Fig. 1. For the zenith angle
we indicate the north- and south-polar grid directions at ±90� on the vertical axis. The monopole evolution depends strongly on the accretion rate and varies
between the models, whereas the maximum dipole amplitude is similar in all cases and shows a similar initial growth phase. The dipole persists (and can even
grow) during the indicated phases of pronounced SASI activity. The dipole directions are di↵erent in all cases, bear no correlation to the numerical grid, and they
drift only slowly even during SASI phases.

tors (Tamborra et al. 2013) and as a prerequisite for flavor
oscillation studies. A systematic analysis has revealed a long-
lasting, nearly stationary dipole asymmetry of the lepton-
number (⌫e minus ⌫̄e) emission from the newly formed NS. In
Fig. 1 we have shown typical directional distributions of the
lepton-number flux for our 11.2 M� model. This pronounced
asymmetry builds up in parallel to the development of large-
scale convective overturn behind the stalled shock and shows
a fairly stable direction, which has no particular correlation
with the numerical coordinate grid3.

Before attempting a physical interpretation of this puzzling
phenomenon, we first collect a number of conspicuous phe-
nomenological manifestations. A natural first question is to
see when and how this e↵ect builds up in the course of post-
bounce core-collapse evolution and if it is correlated with
other symmetry-breaking hydrodynamical instabilities.

To quantify the time evolution of our new e↵ect we consider
the lowest-order multipole components of the lepton-number
flux as a function of emission direction. To clarify our nor-

3 The orientation of the coordinate system in our sky-plots of Figs. 1, 6,
and 7 is such that the north-south direction corresponds to the z-axis of the
numerical grid, the center of the plot is the �x direction, and the left and right
extreme points correspond to the +x direction. The half-way points on the
equator belong to the +y (left) and �y directions.

malization of the dipole component we note that if the lepton-
number flux distribution contains only a monopole and dipole
term, then the distribution is AMonopole + ADipole cos# in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cos# and the lepton-number flux vanishes in the direction
of minimal flux and is twice the average in the direction of
maximal flux, corresponding roughly to what we see in Fig. 1.
AMonopole is nothing but the total rate of lepton number emitted
by the evolving PNS, whereas ADipole is 3 times the projection
of the total lepton-number flux onto the dipole direction.

Figure 3 shows the evolution of AMonopole and ADipole and
the dipole direction for our three progenitor models. The total
lepton-number emission is at first o↵-scale, corresponding to
the usual prompt ⌫e burst, and then decreases monotonically
with small modulations caused by large-scale convection and
concomitant variations of the postshock accretion flow. The
overall lepton-number emission is fed by the mass-accretion
flow so that it is not surprising that the monopole strength
depends considerably on the progenitor model.

In all models, a dipole component becomes first discernible
at about 50 ms p.b., grows for 100–150 ms, and later begins
to decrease, more or less in parallel with the overall decline
of the lepton-number emission. In this later phase, the dipole

Self-sustained asymmetry of lepton-number emission in supernovae 5
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Figure 3. Time evolution of the lepton-number emission (⌫e minus ⌫̄e) for the 11.2, 20 and 27 M� models as labelled. For each model, the upper panels show the
overall lepton number flux (monopole of the angular distribution; red curve) and its dipole component (blue curve), and the lower panels display the zenith angle
✓ (green line) and the azimuth angle � (magenta line) of the dipole direction, which describes the track shown for the 11.2 M� case in Fig. 1. For the zenith angle
we indicate the north- and south-polar grid directions at ±90� on the vertical axis. The monopole evolution depends strongly on the accretion rate and varies
between the models, whereas the maximum dipole amplitude is similar in all cases and shows a similar initial growth phase. The dipole persists (and can even
grow) during the indicated phases of pronounced SASI activity. The dipole directions are di↵erent in all cases, bear no correlation to the numerical grid, and they
drift only slowly even during SASI phases.

tors (Tamborra et al. 2013) and as a prerequisite for flavor
oscillation studies. A systematic analysis has revealed a long-
lasting, nearly stationary dipole asymmetry of the lepton-
number (⌫e minus ⌫̄e) emission from the newly formed NS. In
Fig. 1 we have shown typical directional distributions of the
lepton-number flux for our 11.2 M� model. This pronounced
asymmetry builds up in parallel to the development of large-
scale convective overturn behind the stalled shock and shows
a fairly stable direction, which has no particular correlation
with the numerical coordinate grid3.

Before attempting a physical interpretation of this puzzling
phenomenon, we first collect a number of conspicuous phe-
nomenological manifestations. A natural first question is to
see when and how this e↵ect builds up in the course of post-
bounce core-collapse evolution and if it is correlated with
other symmetry-breaking hydrodynamical instabilities.

To quantify the time evolution of our new e↵ect we consider
the lowest-order multipole components of the lepton-number
flux as a function of emission direction. To clarify our nor-

3 The orientation of the coordinate system in our sky-plots of Figs. 1, 6,
and 7 is such that the north-south direction corresponds to the z-axis of the
numerical grid, the center of the plot is the �x direction, and the left and right
extreme points correspond to the +x direction. The half-way points on the
equator belong to the +y (left) and �y directions.

malization of the dipole component we note that if the lepton-
number flux distribution contains only a monopole and dipole
term, then the distribution is AMonopole + ADipole cos# in coor-
dinates aligned with the dipole direction. When the ratio of
these amplitudes is unity, the distribution is proportional to
1+ cos# and the lepton-number flux vanishes in the direction
of minimal flux and is twice the average in the direction of
maximal flux, corresponding roughly to what we see in Fig. 1.
AMonopole is nothing but the total rate of lepton number emitted
by the evolving PNS, whereas ADipole is 3 times the projection
of the total lepton-number flux onto the dipole direction.

Figure 3 shows the evolution of AMonopole and ADipole and
the dipole direction for our three progenitor models. The total
lepton-number emission is at first o↵-scale, corresponding to
the usual prompt ⌫e burst, and then decreases monotonically
with small modulations caused by large-scale convection and
concomitant variations of the postshock accretion flow. The
overall lepton-number emission is fed by the mass-accretion
flow so that it is not surprising that the monopole strength
depends considerably on the progenitor model.

In all models, a dipole component becomes first discernible
at about 50 ms p.b., grows for 100–150 ms, and later begins
to decrease, more or less in parallel with the overall decline
of the lepton-number emission. In this later phase, the dipole

* Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ 792 (2014) 96.

Neutrino energy spectra

Neutrino flux spectra in opposite LESA directions (11.2 Msun, t = 210 ms)

During the accretion phase, fluxes strongly vary with the observer direction.  
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Is the LESA a generic instability?
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Vacuum Earthproto-NS stellar envelopestellar core
(see, e.g., Mirizzi+ (2015), Duan+ (2010) for reviews)

Self-Induced

(likely?) 
suppressed in 

accretion phase 
e.g. Chakraborty+ 

(2011)

MSW 
H Resonance

MSW 
L Resonance

MSW 
L Resonance

(figure inspired by C. Lunardini)

Supernova neutrino oscillations



SN ν oscillations: simplest scenario
(see, e.g., Mirizzi+ (2015), Duan+ (2010) for reviews)

• No self-induced oscillations, no Earth effects, adiabatic evolution.
Survival probabilities:

Normal Hierarchy:

Inverted Hierarchy:

Raffelt (2012)

Complications: 
 
Shocks (non-adiabaticity 
when H resonance reached), 
turbulence



Count rate - νe + 40Ar g e- + 40K*
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Supernova neutrino “light curves”
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PNS cooling 
• The long term neutrino cooling signal 

is not particularly sensitive to 
progenitor structure for fixed remnant 
mass  

• But, like the SN models preceding 
them, PNS cooling models need 
accurate treatments of macro- and 
microphysics. In particular,  

–convection 

–neutrino opacities 

–nuclear correlations at high density 

Progenitor	Dependence
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See also, e.g.:  
Burrows & Lattimer (1986), Pons+(1999), Keil+(2003), 
Fischer+(2010,2012), Hüdepohl+(2010), Nakazato+(2013), 
Mirizzi+(2015)  



PNS cooling 

• PNS convection 
significantly impacts the 
neutrino cooling 
timescale, produces a 
break in the neutrino 
emission  

• Neutrino opacities 
especially important to 
the late time cooling 
timescale   

–In particular, nuclear 
correlations can also 
leave a signature on 
the tail of the neutrino 
signal    

assumed between neutrino flavors and the spectral tem-
peratures are calculated from the average radius of neu-
trino decoupling in the PNS. The neutrino luminosities and
average energies for two models are included as
Supplemental Material [29].

Both the GM3 and IU-FSU EoSs show enhanced lumi-
nosities at early times relative to the models not including
convection. There is only a small difference between the
two equations of state at low (subnuclear) density, so
differences prior to 1 s are small. The neutrino count rate
is increased by about 30% relative to the models that do not
include convection. This is reasonably consistent with the
early time enhancement seen in multidimensional models
[15]. After a second, the count rates between the two EoSs
begin to diverge. The most obvious feature in the count rate
for GM3 appears at!3 s, which is coincident with the end
of convection in the mantle. For the IU-FSU EoS, the break
is also at the time at which mantle convection ends
(! 10 s), although it is hard to distinguish from the point
at which the PNS becomes optically thin. As was argued
previously, the position of this break reflects the density
dependence of the nuclear symmetry energy at nB > n0
and therefore provides a direct observable of the properties
of nuclear matter in the PNS neutrino signal. Although
core convection does not seem to affect the break, it may
impact the subsequent cooling time scale.

In the inset in Fig. 3, integrated neutrino counts over two
time windows are shown for a number of PNS masses.
There is a clear separation between the two EoSs indepen-
dent of mass. The time of the convective break creates this
separation. This illustrates that this diagnostic of the sym-
metry energy does not require an accurate determination of
the PNS mass.
The inclusion of nucleon correlations through the RPA

begins to significantly affect the neutrino emission after
about 3 s. Initially, the luminosities are increased as energy
and lepton number are able to more rapidly diffuse out of
the core, but at later times the neutrino signal is signifi-
cantly reduced and drops below the detectable threshold at
an earlier time.
In summary, using a self-consistent model for the PNS

core physics, we find that the late time neutrino signal from
a core-collapse supernova is likely to contain a direct
diagnostic of the nuclear symmetry energy at high density.
With current neutrino detectors, these effects should be
readily discernible in the neutrino light curve of a single
nearby supernova.
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FIG. 3 (color). Count rates as a function of time for a number
of 1:6M" PNS models with and without convection. The black
line is for neutrino opacities calculated in the mean field ap-
proximation, while all the other lines are for models that use
RPA opacities with g0 ¼ 0:6. The inset plot shows the integrated
number of counts from 0.1 to 1 s divided by the total number of
counts for t > 0:1 s on the horizontal axis, and the number of
counts for t > 3 s on divided by the total number of counts for
t > 0:1 s. The stars correspond to the IU-FSU EoS and the
circles to the GM3 EoS. Symbol sizes correspond to various
neutron star rest masses ranging from 1:2M" to 2:1M". Colors
correspond to different values of the Migdal parameter, g0.
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Roberts+(2012)

L. Roberts (MSU)

cf. cooling calculations of Bollig+ at  
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/archive.html

http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/archive.html


Neutrino-driven CCSNe:  
Sources of gravitational waves
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Gravitational wave signals: 2D amplitudes

A.	
  Mezzacappa

PNS Instabilities 
Induced GW 

Source: PNS

Neutrino-Driven Convection 
and SASI-induced GW 

Source: PNS 

Modulated by SASI 
N.B. Low-Frequency Envelope

Explosion Induced GW 
Source: Ejected Matter

Yakunin et al. 2015 PRD 92 084040 



Gravitational wave signal: Source analysis

PNS

Sources of Gravitational Radiation 

(1) PNS convection in region A. 

(2) Acoustic waves in the PNS initiated by PNS  
      convection. 

(3) Deceleration of infalling convective plumes. 

(4) Excitation of PNS g-modes by these down  
      flows (2D) or by PNS convection (3D).

Andresen et al. 2017 arXiv:1607.05199

• Marek, Janka, and Mueller, A&A 496, 475 (2009) 
• Murphy, Ott, and Burrows Ap.J. 707 1173 (2009) 
• Mueller, Janka, and Marek Ap.J. 766, 43 (2013)

The late-time, high-frequency GW is given by the g-mode 
frequency in B (A2) for the 2D (3D) case.

g-Mode Frequency (Brunt-Vaisala Frequency)

(5) SASI-Induced Modulation (Low Frequency)

A.	
  Mezzacappa



GW amplitude: Correlation with accretion

Yakunin et al. 2015 PRD 92 084040 

Cessation of accretion corresponds to 
cessation of high-frequency component of 
GW amplitude.

533 ms

A.	
  Mezzacappa



Gravitational Wave Signals: 2D vs. 3D

Yakunin	
  et	
  al.	
  2017,	
  arXiv:1701.07325v1	
  	
  

But,	
  see	
  also	
  Andresen	
  et	
  al.	
  2017	
  arXiv:1607.05199.



Summary
•Modern multi-dimensional core-collapse supernova simulations                        
with high-fidelity neutrino transport routinely explode. 

•But, differences in:  
–2D vs 3D,  
–the treatment of gravity,  
–neutrino microphysics,  
–and other effects (e.g. the level to which pre-shock flows are different from 

purely radial),  
   can make qualitative and quantitative differences (including non-explosion). 
•Multi-D effects can modulate the neutrino signal in multiple flavors on 10 ms 
time scales.  

•The ability to answer questions regarding collective flavor transformations 
with fully-integrated simulations will require methods and implementations 
for quantum transport. 

•CCSNe simulations with high-fidelity neutrino transport necessarily cover the 
collapse and accretion epochs, extending little into the PNS cooling epoch. 

•Neutrino emission and GW emission both occur in and above the outer 
precincts of the PNS during the explosion and post-explosion epochs, 
providing real multi-messenger correlation possibilities. 




