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Stellar*Death*&*Supernova*Explosions)
Chandra)

G1.9+0.3)

Explosion)~140)yrs)ago.)
@)8)kpc)in)Sgr)

•  ∼20%*thermonuclear*SNe*(Type*Ia)*
_>)exploding)white)dwarfs)

•  ∼80%*coreDcollapse*SNe*(CCSNe,*II,*Ib,c)*
_>)exploding)massive)stars*
)

•  ~10*SN/s*in*the*Universe*
•  ~mulKple*SN/day*discovered*in*photons*
•  ~1*SN/50D100*yrs*(?)*in*the*Milky*Way*
•  >1*SN/year*within*10*Mpc*
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MotivationMotivation
SN1987A:

● First observed SN 
neutrinos → looking 
inside.

● Details still missing, but 
overall SN understanding 
was confirmed.

Aim:

● Understand next 
observations and 
neutrinos better.

SN*1987A:*Neutrino*DetecKon!*
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_>)First)detec&on)of)extragalac&c)neutrinos!)

Hirata+87)

Bionta+87)

Alekseev+87)
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The*Basic*Theory*of*Core*Collapse*
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Core*Collapse*Basics*
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Nuclear)equa&on)of)state)(EOS))

s&ffens)at)nuclear)density.)

)

“Core*Bounce”)

Reviews:)
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Burrows)13)



Collapse*and*Core*“Bounce”*
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S&ff)Nuclear)EquaKon*
of*State)(EOS):)
“Core*Bounce”)

Bounce:)

t=0)for)SN)theorists.)



Core*Collapse*Basics*
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“Core)Bounce”)

)

Inner)core)(~0.5)MSun)))

_>)protoneutron)star)core.)

)Shock*wave*formed.)

Outer)core)accretes)onto)

shock)&)protoneutron)star)

with)O(1))M�/s.)

_>)Shock*stalls*at*~O(100)*km,*
*must*be*“revived”*to*drive*
*explosion.*

Reviews:)
Janka+12)

Burrows)13)



“Postbounce”)Evolu&on)
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[Wilson)1985;)Bethe)&)Wilson)1985])
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Core_Collapse)Supernovae)&)Neutrinos*
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[Wilson)1985;)Bethe)&)Wilson)1985])

Hans)Bethe)

•  Collapse)to)a)neutron)star:))
Gravita&onal)energy)release)

∼2−4)x)1053)erg)=)200−400)[B]ethe))

•  ∼1051)erg)=)1)B)kine&c)and)internal)energy)of)the)explosion.)
(Extreme)cases:)10)B;)“hypernova”))

•  99%)of)the)energy)is)radiated)in)neutrinos)over)tens)of)
seconds)in)proto_NS)cooling.)

(Lν)≈)Lphoton)of)all)stars)in)the)universe!))*

•  CCSNe:)Neutrino)spewing.gravity.bombs!)



CCSNe:)Neutrino_Spewing)Gravity)Bombs*
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Supernova)Neutrino)“Lightcurves”*

C.)D.)O-)@)NNN15/UD2)2015/10/29) 12)

[Wilson)1985;)Bethe)&)Wilson)1985])

0 0.1 0.2 0.3 0.4 0.5 0.8 1 2 5 10

1

10

100

t � tbounce [s]

Lu
m

in
os

ity
L n

[B
s�

1 ]

10.8 M�
Fischer+10

ne

n̄e

Â nx/4

Cooling)

Accre&on)

Collapse) “Deleptoniza&on)Burst”)

(no)oscilla&ons))

e� + p ! n+ ⌫e

e�p ⌦ ⌫en
e+n ⌦ ⌫̄ep

e�e+ ↵ ⌫i⌫̄i
NN ↵ NN⌫i⌫̄i

�̃ ↵ ⌫i⌫̄i

CC*

NC*

≈“Shock)

Revival”)

⌫
x

= {⌫
µ

, ⌫̄
µ

, ⌫
⌧

, ⌫̄
⌧

}



Neutrinos:)Emi-ed)Energy*
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0 0.1 0.2 0.3 0.4 0.5 0.8 1 2 5 10

20

40

60

80

100

120

140

t � tbounce [s]

Em
itt

ed
N

eu
tr

in
o

En
er

gy
[B

] 10.8 M�
Fischer+10

total
ne

n̄e

Â nx

Ebind ⇡ 2⇥ 1053 erg

Mbary,NS ⇡ 1.44M� Mgrav,NS ⇡ 1.33M�

⇡ 70%Ebind



Neutrinos:)Mean)Energies*
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Neutrinos:)Spectrum)Forma&on*
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Neutrinos:)Spectra*
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What)can)Supernova)Neutrinos)do)for)you?*

C.)D.)O-)@)NNN15/UD2)2015/10/29) 17)

[Wilson)1985;)Bethe)&)Wilson)1985])

Revive)the)stalled)shock!)_>)“Neutrino)Mechanism”)

Probe)Stellar)Structure)

Probe)Stellar_Mass)Black)Hole)Forma&on)

Probe)Mul&_Dimensional)Supernova)Dynamics)

Bonus:)ν_Driven)Wind)&)(no))r_Process)Nucleosynthesis)(A>120))

Probe)the)Equa&on)of)State)of)Nuclear)Ma-er)

Reveal)Neutrino)Oscilla&on)&)Flavor)Physics)

(Constrain)Exo&c)Par&cle)Physics)[Axions)etc.];)see)Raffelt)‘90,)‘12))

Probe)the)Supernova)History)of)the)Universe)



Blowing*up*Stars:*Neutrino*Mechanism*
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Probing*Stellar*Structure*
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•  Neutrino)signal)in)the)accreKon*phase)is)determined)by)

(1))the)accre&on)rate)of)the)stellar)envelope)and))

(2))the)proto_NS)core)temperature.)
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ideal Fermi-gas approximation (Liebendörfer et al. 2005;
O’Connor & Ott 2010). Leaving out this pressure contribution
leads to ⇠ 5% smaller maximum gravitational PNS masses.
We also include terms due to neutrino pressure and radiation-
field energy in the calculation of the gravitational mass (Equa-
tion 3) and of the metric potential (Equation 4). Since our
leakage scheme does not treat neutrino energy separately from
the internal energy of the fluid, including the energy of the
neutrino gas in the former equations is not fully consistent
with our present approach. This error was discovered and cor-
rected after all simulations were performed. However, a set of
test calculations showed that the error leads to an underesti-
mate of the maximum gravitational PNS mass of only ⇠ 2%
which is well within the error of the overall leakage scheme
(see also §4.2).

2.3. Equations of State and Maximum Neutron Star Masses

We include multiple finite-temperature nuclear EOS in this
study to explore the dependence of postbounce evolution and
BH formation on EOS properties. The Lattimer-Swesty (LS)
EOS (Lattimer & Swesty 1991) is based on the compress-
ible liquid-droplet model, assumes a nuclear symmetry en-
ergy Sv of 29.3MeV, and comes in three variants with differ-
ent values of the nuclear incompressibility of Ks = 180MeV
(LS180), 220MeV (LS220), and 375MeV (LS375). The EOS
of Shen et al. (1998a,b) (HShen EOS), on the other hand, is
based on a relativistic mean-field model, has Sv = 36.9MeV
and Ks = 281MeV. More details on these EOS and their im-
plementation in GR1D is given in O’Connor & Ott (2010).
The EOS tables and driver routines employed in this study are
available for download at http : //stellarcollapse.org.

By solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions (Oppenheimer & Volkoff 1939) with T = 0.1MeV and
assuming neutrinoless �-equilibrium we determine the neu-
tron star baryonic and gravitational mass–radius relationships
that each of these four EOS produce and that are depicted by
Figure 1. The maximum gravitational (baryonic) neutron star
masses are ⇠ 1.83M� (⇠ 2.13M�), ⇠ 2.04M� (⇠ 2.41M�),
⇠ 2.72M� (⇠ 3.35M�), and ⇠ 2.24M� (⇠ 2.61M�) for
LS180, LS220, LS375, and HShen, respectively. The co-
ordinate radii of these maximum-mass stars are ⇠ 10.1km,
⇠ 10.6km, ⇠ 12.3km and ⇠ 12.6km, respectively.

The above maximum neutron star masses hold only for non-
rotating cold NSs. As we will discuss in detail in §4.3, the
PNSs at the heart of the failing CCSNe considered in this
work, are much hotter. They have central temperatures of
⇠ 10-20MeV and tens of MeV in their outer core and mantle.
Thermal effects have a significant effect on their maximum
masses.

In this study, we do not consider hyperonic EOS, e.g., the
hyperonic extension of the HShen EOS by Ishizuka et al.
(2008), or EOS involving other phases of nuclear matter, e.g.,
quarks and pions Nakazato et al. (2010). Such EOS are po-
tentially interesting in failing CCSNe, since their exotic com-
ponents lead to a softening of the EOS at high density, poten-
tially accelerating BH formation (Sumiyoshi et al. 2009). We
also do not consider EOS that include QCD phase transitions
that too may lead to early PNS collapse and potentially to a
second bounce and neutrino burst (Sagert et al. 2009).

3. MODEL SETUP

Figure 1. Baryonic (left) and gravitational (right) neutron mass–radius re-
lations for various hot nuclear EOS. The temperature is taken to be constant
throughout the star at T = 0.1MeV and the electron fraction is determined
through neutrinoless �-equilibrium with an imposed minimum of 0.05 due to
table constraints.

3.1. Presupernova Data

We make use of single-star nonrotating presupernova mod-
els from several stellar evolution studies: Woosley & Weaver
(1995) (WW95), Woosley et al. (2002) (WHW02), Limongi
& Chieffi (2006) (LC06A/B) and Woosley & Heger (2007)
(WH07). Each of these studies evolved stars with a range of
ZAMS masses at solar metallicity (Z�, hereafter denoted with
prefix s in model names) up until the onset of core collapse.
In addition to solar metallicity, WHW02 evolved stars with
ultra low metallicitiy, 10-4 Z� (denoted by prefix u) and zero
metallicity (denoted by prefix z). Rotation is of relevance in
stellar evolution and stellar evolutionary processes affect the
rotational configuration at the presupernova stage. In order to
study BH formation, BH birth properties and their impact on
a potential subsequent evolution to a GRB in such spinning
progenitors, we draw representative models from Heger et al.
(2000) (HLW00) and from Woosley & Heger (2006) (WH06)
who included rotation in essentially the same way as we do in
GR1D.

In Table 1, we list key parameters for all models in our set.
These include presupernova mass, iron core mass (which we
define as the baryonic mass interior to Ye = 0.495), and the
bounce compactness ⇠2.5. The latter is defined as

⇠M =
M/M�

R(Mbary = M)/1000km

���
t=tbounce

, (10)

where we set M = 2.5M�. R(Mbary = 2.5M�) is the radial co-
ordinate that encloses 2.5-M� at the time of core bounce. ⇠2.5
gives a measure of a progenitor’s compactness at bounce. We
choose M = 2.5M� as this is the relevant mass scale for BH
formation. ⇠2.5 is, as we shall discuss in §4.4, a dimension-
less variable that allows robust predictions on the postbounce
dynamics and the evolution of the model towards BH forma-
tion. The evaluation of ⇠2.5 at core bounce is crucial, since this
is the only physical and unambiguous point in core collapse
at which one can define a zero of time and can describe the
true initial conditions for postbounce evolution. Computing
the same quantity at the precollapse stage leads to ambiguous

“compactness)parameter”)(O’Connor)&)O-)‘11))

Rule)of)Thumb:)

More)compact)progenitor))

)_>)higher)accre&on)rate)&)core)temperature)
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Figure 3. Neutrino luminosities (top panels) and average energies (bottom panels) plotted as a function of postbounce time for all 32 models of Woosley & Heger
(2007). The top set of panels shows results obtained with the LS220 EOS. The bottom panel shows the same for the HShen EOS, but includes, for reference, two
LS220 models: s12WH07 and s40WH07. The left, center, and right panels show results for ⌫e, ⌫̄e, and ⌫x, respectively. The curves are color- and line-weight-
coded with increasing compactness (⇠1.75), the mapping from color to compactness parameter is shown on the right. There is a clear trend in all luminosities and
average energies with compactness parameter. The progenitor with the highest compactness, s40WH07, forms a black hole at 502 ms after bounce. None of these
models explode, but the onset of an explosion in any of these models may lead to a sudden deep drop (strongest for ⌫e and ⌫̄e) in the luminosities and average
energies (Fischer et al. 2010), although this is likely suppressed by multidimensional effects. The smaller drop observed for most models models here is due to
the sudden decrease of the accretion rate when the silicon–oxygen interface reaches the stalled shock.
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ideal Fermi-gas approximation (Liebendörfer et al. 2005;
O’Connor & Ott 2010). Leaving out this pressure contribution
leads to ⇠ 5% smaller maximum gravitational PNS masses.
We also include terms due to neutrino pressure and radiation-
field energy in the calculation of the gravitational mass (Equa-
tion 3) and of the metric potential (Equation 4). Since our
leakage scheme does not treat neutrino energy separately from
the internal energy of the fluid, including the energy of the
neutrino gas in the former equations is not fully consistent
with our present approach. This error was discovered and cor-
rected after all simulations were performed. However, a set of
test calculations showed that the error leads to an underesti-
mate of the maximum gravitational PNS mass of only ⇠ 2%
which is well within the error of the overall leakage scheme
(see also §4.2).

2.3. Equations of State and Maximum Neutron Star Masses

We include multiple finite-temperature nuclear EOS in this
study to explore the dependence of postbounce evolution and
BH formation on EOS properties. The Lattimer-Swesty (LS)
EOS (Lattimer & Swesty 1991) is based on the compress-
ible liquid-droplet model, assumes a nuclear symmetry en-
ergy Sv of 29.3MeV, and comes in three variants with differ-
ent values of the nuclear incompressibility of Ks = 180MeV
(LS180), 220MeV (LS220), and 375MeV (LS375). The EOS
of Shen et al. (1998a,b) (HShen EOS), on the other hand, is
based on a relativistic mean-field model, has Sv = 36.9MeV
and Ks = 281MeV. More details on these EOS and their im-
plementation in GR1D is given in O’Connor & Ott (2010).
The EOS tables and driver routines employed in this study are
available for download at http : //stellarcollapse.org.

By solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions (Oppenheimer & Volkoff 1939) with T = 0.1MeV and
assuming neutrinoless �-equilibrium we determine the neu-
tron star baryonic and gravitational mass–radius relationships
that each of these four EOS produce and that are depicted by
Figure 1. The maximum gravitational (baryonic) neutron star
masses are ⇠ 1.83M� (⇠ 2.13M�), ⇠ 2.04M� (⇠ 2.41M�),
⇠ 2.72M� (⇠ 3.35M�), and ⇠ 2.24M� (⇠ 2.61M�) for
LS180, LS220, LS375, and HShen, respectively. The co-
ordinate radii of these maximum-mass stars are ⇠ 10.1km,
⇠ 10.6km, ⇠ 12.3km and ⇠ 12.6km, respectively.

The above maximum neutron star masses hold only for non-
rotating cold NSs. As we will discuss in detail in §4.3, the
PNSs at the heart of the failing CCSNe considered in this
work, are much hotter. They have central temperatures of
⇠ 10-20MeV and tens of MeV in their outer core and mantle.
Thermal effects have a significant effect on their maximum
masses.

In this study, we do not consider hyperonic EOS, e.g., the
hyperonic extension of the HShen EOS by Ishizuka et al.
(2008), or EOS involving other phases of nuclear matter, e.g.,
quarks and pions Nakazato et al. (2010). Such EOS are po-
tentially interesting in failing CCSNe, since their exotic com-
ponents lead to a softening of the EOS at high density, poten-
tially accelerating BH formation (Sumiyoshi et al. 2009). We
also do not consider EOS that include QCD phase transitions
that too may lead to early PNS collapse and potentially to a
second bounce and neutrino burst (Sagert et al. 2009).

3. MODEL SETUP

Figure 1. Baryonic (left) and gravitational (right) neutron mass–radius re-
lations for various hot nuclear EOS. The temperature is taken to be constant
throughout the star at T = 0.1MeV and the electron fraction is determined
through neutrinoless �-equilibrium with an imposed minimum of 0.05 due to
table constraints.

3.1. Presupernova Data

We make use of single-star nonrotating presupernova mod-
els from several stellar evolution studies: Woosley & Weaver
(1995) (WW95), Woosley et al. (2002) (WHW02), Limongi
& Chieffi (2006) (LC06A/B) and Woosley & Heger (2007)
(WH07). Each of these studies evolved stars with a range of
ZAMS masses at solar metallicity (Z�, hereafter denoted with
prefix s in model names) up until the onset of core collapse.
In addition to solar metallicity, WHW02 evolved stars with
ultra low metallicitiy, 10-4 Z� (denoted by prefix u) and zero
metallicity (denoted by prefix z). Rotation is of relevance in
stellar evolution and stellar evolutionary processes affect the
rotational configuration at the presupernova stage. In order to
study BH formation, BH birth properties and their impact on
a potential subsequent evolution to a GRB in such spinning
progenitors, we draw representative models from Heger et al.
(2000) (HLW00) and from Woosley & Heger (2006) (WH06)
who included rotation in essentially the same way as we do in
GR1D.

In Table 1, we list key parameters for all models in our set.
These include presupernova mass, iron core mass (which we
define as the baryonic mass interior to Ye = 0.495), and the
bounce compactness ⇠2.5. The latter is defined as

⇠M =
M/M�

R(Mbary = M)/1000km

���
t=tbounce

, (10)

where we set M = 2.5M�. R(Mbary = 2.5M�) is the radial co-
ordinate that encloses 2.5-M� at the time of core bounce. ⇠2.5
gives a measure of a progenitor’s compactness at bounce. We
choose M = 2.5M� as this is the relevant mass scale for BH
formation. ⇠2.5 is, as we shall discuss in §4.4, a dimension-
less variable that allows robust predictions on the postbounce
dynamics and the evolution of the model towards BH forma-
tion. The evaluation of ⇠2.5 at core bounce is crucial, since this
is the only physical and unambiguous point in core collapse
at which one can define a zero of time and can describe the
true initial conditions for postbounce evolution. Computing
the same quantity at the precollapse stage leads to ambiguous

O’Connor)&)O-)13)
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2008).

Much more troublesome are the collective neutrino oscilla-
tions that arise from coherent neutrino-neutrino forward scat-
tering. Collective oscillations are very sensitive to the energy
spectra (both the distribution and magnitude) of all neutrino
flavors and the background matter density. Since the gov-
erning equations are highly non-linear, there are currently no
simple analytic expressions predicting the neutrino signal at
Earth based on the output of core-collapse simulations. Re-
cent studies suggest that during the early postbounce, pre-
explosion phase, collective neutrino oscillations may be sup-
pressed (?Chakraborty et al. 2011; ?), however the commu-
nity has not yet reached consensus, see, e.g., Cherry et al.
(2012) and Dasgupta et al. (2012).

6. DISCUSSION

The next nearby core-collapse supernova will be ex-
tremely well observed in neutrinos. Super-Kamiokande alone
will observe ⇠7000 electron antineutrinos from a typical
core-collapse supernova at a fiducial galactic distance of
10kpc. Future detectors of the scale of the proposed Hyper-
Kamiokande may see in excess of 105 interactions. Such
high-statistics observations will provide rich information on
the neutrino signal. Comparison with theoretical model pre-
dictions will allow to falsify or constrain a broad range of
hypotheses in core-collapse supernova astrophysics and nu-
clear/neutrino physics. Unexpected signal features may lead
to the discovery of new physics.

In this study, our focus has been on the imprint of the
progenitor star’s structure on the neutrino signal in the
postbounce preexplosion phase of core-collapse supernovae.
We have carried out a large set of spherically-symmetric
radiation-hydrodynamics simulations of core collapse and the
early postbounce phase with the goal of studying trends in the
neutrino signal with variations in progenitor structure.

Our results show, in agreement with previous work (e.g.,
Burrows & Mazurek 1983; Liebendörfer et al. 2001, 2002,
2003, 2004; Thompson et al. 2003; Kachelrieß et al. 2005;
Buras et al. 2006; Serpico et al. 2012), that the ⌫e signal from
the neutronization burst emerging shortly after bounce has
very little progenitor dependence, due to the universal nature
of homologous inner core collapse.

The neutrino signal in the postbounce preexplosion phase is
determined primarily by the accretion luminosity of outer iron
core, silicon shell, and oxygen shell material. The postbounce
accretion rate depends on the inner structure of the progenitor
at the presupernova stage. Our results show that the preexplo-
sion neutrino signal has an essentially monotonic dependence
on progenitor structure described by a single parameter, the
compactness ⇠M / M/R(M) (where M is a typical baryonic
mass reaching the center over the timescale of interest). The
greater a progenitor’s ⇠M , the higher are the emitted luminosi-
ties and average energies of all neutrino species. Scaling in
the same way is the total emitted energy in neutrinos over the
entire protoneutron star cooling phase for a given explosion
time at which accretion is shut off. These trends are robust
and independent of the nuclear EOS. They are also rather in-
sensitive to the particular choice of the reference mass M in
⇠M as long as it is in the range of typical neutron star baryonic
masses (⇠1.4 - 2.5M�) and we find ⇠1.75 to be a good choice.
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Figure 10. Predictions of the cumulative IBD interactions in Kamiokande–
II for a core-collapse event at 51.4 kpc. The left panel assumes no neutrino
oscillations, while the right panel assumes a swapping of the ⌫̄e and ⌫x spec-
tra. The color coded lines denote different progenitors and are generated with
SNOwGLoBES based on our simulations with the LS220 EOS. More details
are provided in the text. We overlay the cumulative detected interactions
observed in Kamiokande–II from SN 1987A, assuming the first interaction
denotes the time of core-bounce.

The monotonic dependence of the preexplosion neutrino
emission on progenitor compactness translates directly to the
neutrino signal observed by detectors, provided collective
neutrino oscillations do not lead to complicated swaps of fla-
vor spectra that brake the dependence of the observed sig-
nal on progenitor structure. Neutrino observations of the
next nearby core collapse event thus may, in principle, al-
low quantitative constraints on the inner structure of the pro-
genitor star. As an example with real neutrino data, we con-
sider the early postbounce neutrino signal observed from SN
1987A by the Kamiokande–II experiment (Hirata et al. 1987).
Of the eleven interactions that were observed, the first four
occurred within 323 ms of each other. All interactions ob-
served by Kamiokande–II are consistent with being IBD in-
teractions (Hirata et al. 1987). We assume that the first in-
teraction occurs at the onset of the postbounce phase, al-
though the actual bounce time is likely somewhat earlier. In
Fig. 10, we plot the cumulative number of detected inter-
actions observed from SN 1987A in the first 500 ms along
with the SNOwGLoBES prediction from our simulations with
the LS220 EOS using a 2.14 kT water Cherenkov detector at
51.4 kpc. We use the efficiencies quoted in Burrows (1988)
and the smearing matrices from the SNOwGLoBES detector
configuration wc100kt30prct. To show the full range of
the possible effects of MSW neutrino oscillations, we show
the expected number of interactions assuming no oscillations
and assuming a complete switch of the ⌫̄e and ⌫x spectra (as
would be the case in the normal mass hierarchy; the inverted
hierarchy is a combination of these two signals). During the
accretion phase the expected number of detected interactions
from an oscillated ⌫x spectrum can be significantly smaller
than the electron-type neutrino luminosity due to the smaller
neutrino luminosity in the accretion phase. While the quan-
titative results obviously depend on neutrino oscillation de-
tails, the qualitative trend with ⇠M is unbroken. Comparing
our predictions with the interactions observed from SN 1987A
one notes (but must keep the very small-number statistics in
mind) that either the explosion must have occurred early in the
postbounce phase and/or the progenitor must have had a rela-
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_>)Poten&al)Conclusion:)early*explosion*OR*lowDcompactness*progenitor*core!*
*But:)beware)of)small_number)sta&s&cs!!)
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Probing*Black*Hole*FormaKon*
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O’Connor)2015)

•  BH_forming)collapse:)always)proto_NS)phase!)

•  Failure)of)explosion)_>)BH)forma&on)

•  BH)forma&on)frac&on?)Up)to)50%,)but)uncertain.)

•  Signature:)high)<εν>),)abrupt)termina&on)at)t)<)1_3)s.)

•  ν)emission)set)by)accre&on)rate)and)nuclear)equa&on)of)state.)

40M� Progenitor

O’Connor)&)O-)11,)

Kochanek)15,))

Clausen+15,)Ertl+15)



Probing*MulKDDimensional*Supernova*Dynamics*
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Tamborra+13,)PRL)
27M� Progenitor

•  Neutrino_driven)convec&on)&)standing)accre&on)shock)instability)(SASI))
modulate)neutrino)signal.)

Adikamalov+15)



Probing*MulKDDimensional*Supernova*Dynamics*
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Probing*the*Nuclear**
EquaKon*of*State*
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•  High_density)nuclear)EOS)uncertain))
(�)2_3)x)1014)g/cm3,)s)~)1)kB/baryon))

•  Limited)experimental)/))

astrophysical)constraints.)
(Steiner+13,Lazmer&Steiner)14,)

)Lazmer&Lim)13,)Hebeler+13))

•  ν)Signal:)
Must)disentangle)progenitor,))

&me)of)explosion,)and)EOS)effects)

(O’Connor)&)O-)13).)

•  Too)few)studies)to)make))

definite)statements.)
(Mirizzi+15,)Marek+09,)Steiner+13,))

)Hempel+12,)Roberts+12))

)

11.2M� Progenitor

Steiner+13*



Probing*the*Nuclear*EquaKon*of*State*
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• Mean_field)poten&als)of)nucleons)in)proto_NS)medium:))

_>)energy)shiÇs)ΔU)_>)influence)on)charged_current)reac&ons.)

•  ΔU)sensi&ve)to)EOS)model)&)parameters)(symmetry)energy!).)

•  ShiÇs)of)electron)neutrino)&)an&neutrino)energies)&)luminosi&es.)

Changes)deleptoniza&on)rate)of)proto_NS.))

(Reddy+98,)Roberts+12,)Horowitz+12,)and)others))

density)

Roberts+12)
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Supernova*Neutrino*OscillaKons*
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Three)flavors,)three)mass)eigenstates:)

(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

“solar”)

“atmospheric”)
NH : m3 > m2 > m1

IH : m2 > m1 > m3

(sign)unknown))

Two)possible)mass)hierarchies:)

Mixing)parameters)(compiled)by)Mirizzi+15):)

Daya)Bay)

Reno)
2012)



Supernova*Neutrino*OscillaKons*
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Mul&ple)contributors:)

Vacuum) Earth)proto_NS) stellar)envelope)stellar)core)

Unique'interplay'of'frequencies'

•  KineEc'
•  νJe'potenEal'
•  ν.ν0potenEal'

!ij = �m2
ij/2E

Neutrino)oscilla.ons)
Star 

vacuum Earth 

•  Ma0er)effects:))
–  refrac.on)frequency)≈)vacuum)frequency)
– Neutrino9neutrino,)neutrino9electron)sca0ering)

N
eu

tri
no

-n
eu

tri
no

 

�
hi

gh
�
 M

S
W

 

�
lo

w
�
 (s

ol
ar

) M
S

W
 

�
lo

w
�
 (s

ol
ar

) M
S

W
 103 g cm-3 10 g cm-3 108 g cm-3 

Unique)of)
supernovae)
Unique'of'

supernovae!'� =
p
2GFne / R�3

µ '
p
2GFne↵

⌫ / R�4

µ � � !31 ' � !21 ' �

Wolfenstein,'PRD'17'1978,'Mikheyev'&'Smirnov,'Yad.'Fiz.'42,'1985''

(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

H = Hvac +HMSW +H⌫⌫

Relevant)poten&als:)

kine&c)(vacuum))

MSW:)ν)–)e)

Self_induced:)ν)–)ν) if) µ � �

(Pantaleone)92)+)much)work)since)2006)–)see)Duan+10)&)Mirizzi+15))



Supernova*Neutrino*OscillaKons*
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(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

27M� Progenitor

Mirizzi+15)

thin)lines:)λ)(ma-er))

thick)lines:)μ)(neutrinos))



Supernova*Neutrino*OscillaKons*
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Vacuum) Earth)proto_NS) stellar)envelope)stellar)core)

(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

⇢ ⇠ 109 � 107 g cm�3

µ � �

r . 103 km

SelfDInduced*
(likely))

suppressed*in*
accreKon*phase*

!31 ' �
⇢ ⇠ 103 g cm�3

MSW)

H)Resonance)

!21 ' �

MSW)

L)Resonance)

⇢ ⇠ 1� 10 g cm�3

!21 ' �

MSW)

L)Resonance)

⇢ ⇠ 1� 10 g cm�3

(figure)inspired)by)C.)Lunardini))



SN*ν*OscillaKons:*Simplest*Scenario*
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(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

•  No)self_induced)oscilla&ons,)no)Earth)effects,)adiaba&c)evolu&on.)
Survival)probabili&es:)

(Pee, ¯Pee) = (0, cos2 ✓12)

(Pee, P̄ee) = (sin2 ✓12, 0)

Normal)Hierarchy:)

Inverted)Hierarchy:)

Raffelt)12)

Complica&ons:)

Shocks,)turbulence)



SelfDInduced*“CollecKve”*OscillaKons:*
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(see,)e.g.,)Mirizzi+15,)Duan+10)for)reviews))

•  Inverted*hierarchy:)spectral)splits)&)swaps)
•  Provided:)no)ma-er)suppression)(μ>>λ),)non_zero)flux)asymmetry.))

•  Various)other)complicated)

oscilla&on)phenomena)

possible)

(see)Mirizzi+15).)



Inferring*the*Neutrino*Mass*Hierarchy*
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(see,)e.g.,)Mirizzi+15,)Raffelt)12)for)reviews))

•  Normal*Hierarchy:))
_>)Deleptoniza&on)burst)in)νe)goes)away!)

(Pee, ¯Pee) = (0, cos2 ✓12)

Thompson+03)

Wallace+15)

(sum))

•  In)most)detectors:))

νe)detectable)via)

)

)

but)at)low)rates.))

In)NH:)factor)~7)reduc&on)
of)early)e_sca-ering)signal.)

•  Ideal:)detector)sensi&ve)
to)νe)(liquid)argon,)lead,)iron))

⌫ + e ! e+ ⌫



Inferring*the*Neutrino*Mass*Hierarchy*
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•  Inverted*Hierarchy:))
_>))

(Pee, P̄ee) = (sin2 ✓12, 0)

(see,)e.g.,)Mirizzi+15,)Raffelt)12)for)reviews))

⌫̄
e

! ⌫̄
x

Thompson+03)

Wallace+15)

•  Exploit)difference)in)
signal)rise)&mes.)
Serpico+12,)O-+13)

Independent)of)EOS)and)progenitor)

O-+13)

(sum))



Supernova*Neutrinos**
without*the*annoying*wait!*

*
Diffuse*Supernovae*Neutrino*Background*

(DSNB)*

36)C.)D.)O-)@)NNN15/UD2)2015/10/29)

(Mark)Vagins))



The*Diffuse*Supernova*Neutrino*Background*(DSNB)*
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Reviews:)Beacom)ARNP)2010),)Mirizzi+15)

N)<<)1):)DSNB*N)>>)1):)Burst* N)∼)1):)MiniDBurst*

kpc) Mpc)

Gpc)

Rate)∼)0.01/yr)
)

high)sta&s&cs,)

all)flavors)

Rate)∼)1/yr)
)

object)iden&ty,)

burst)variety)

Rate)∼)108/yr)
)

cosmic)rate,)

average)emission)

Credit:))

John*Beacom*

Universe*is*flooded*by*
SN*neutrinos!*
EDSNB*≈*EEBL*≈*10%*ECMB*



The*Diffuse*Supernova*Neutrino*Background*(DSNB)*
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•  DNSB)ν)spectrum:)redshiÇed)average)SN)ν)spectrum)

•  Will)reveal)relevance)of)“normal”)core_collapse)SNe)vs.)“special”)events))

(BH)forma&on,)low_mass)progenitors,)supermassive)stars...))

dNe

dEe
(Ee) = Np �(E�)

Z 1

0

h
(1 + z) ⇥[E�(1 + z)]

i h
RSN (z)

i ����
c dt

dz

���� dz
�

detector)

capabili&es)

(known))

Reviews:)Beacom)ARNP)2010),)Mirizzi+15)

avg.)SN)ν)spectrum)

(want!))

SN)Rate)(astronomy,)known)))

Cosmology)

(known))

Signal)rate)spectrum))

in)measured)energy)



The*Diffuse*Supernova*Neutrino*Background*(DSNB)*
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Reviews:)Beacom)ARNP)2010),)Mirizzi+15)
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GADZOOKS!

Beacom)&)Vagins)04)

Must*reduce*background!*
_>)Use)gadolinium)to)tag)IBD)events)

)with)8)MeV)photon)cascade.)

_>)M.)Vagins’s)Wednesday)talk.)



Concluding)Remarks)
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The*next*galacKc**
CoreDCollapse*Supernova**
has*already*exploded!*

•  Core_collapse)SN)neutrinos)are)powerful)messengers)and)probes)of)
astrophysics)and)fundamental)physics.)

•  Supernova)theorists)&)phenomenologists)have)got)work)to)do!))
Not)yet)“ready”)for)the)next)galac&c)core_collapse)supernova.)

• Gadolinium_doped)SuperK)2018/19:))
DSNB,)pre_SN)neutrinos,)+)much)more)

• More)details)in)recent)reviews)on)Supernova)Neutrinos:)
Mirizzi+15,)arXiv:1508.00785)(broad))
Vissani)15,)arXiv:1409.4710)(SN)1987A))
Scholberg)12,)arXiv:1205.6003)(detec&on))

HST)

Betelgeuse,)D~200)pc)
107)events)in)SK)


