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 Image credits: NASA, ESA.

The only supernova explored via electromagnetic multi-wavelength observations and neutrinos. 

SN 1987a

Neutrino events 



Detection Frontiers

Supernova in our Galaxy (one burst per 40 years).  
  
Excellent sensitivity to details. 

Supernova in nearby Galaxies (one burst per year). 

Sensitivity to general properties. 

International Neutrino Summer School, Fermilab, July 2009John Beacom, The Ohio State University

Supernova Neutrino Detection Frontiers

Milky Way
zero or at most one supernova
excellent sensitivity to details
   one burst per ~ 40 years

Nearby Galaxies
one identified supernova at a time
direction known from astronomers
   one “burst” per ~ 1 year

Diffuse Supernova Neutrino Background
average supernova neutrino emission
no timing or direction
   (faint) signal is always there!

Diffuse Supernova Background  
(one supernova per second). 
  
Average supernova emission. Guaranteed signal.

Georg Raffelt, MPI Physics, Munich ISAPP 2011, 4/8/11, Varenna, Italy 

Diffuse Supernova Neutrino Background (DSNB) 

Beacom & Vagins,   
PRL 93:171101,2004  



The Next Nearby Supernova (SN 2XXXa)

Figure from Nakamura et al., MNRAS (2016). 
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Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M� progenitor. The solid lines are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or
rough speculations. The left (right) panel x-axis shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the
core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating during our simulation and the blue shaded
area presents the region between the two straight lines fitting the high and low peaks during 3 – 5 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NO⌫A (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is di�cult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought to

MNRAS 000, 1–21 (2016)



Supernova Hunting

http://snews.bnl.gov. 

SuperNova Early Warning System (SNEWS)

Concidence Sever (@ BNL)

E-mail alert
ATel alerts, LIGO, GCN
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Supernova Hunting

Adams et al., ApJ (2013). 

Neutrino trigger:
• Super-K could release alert within 1 hour of neutrino burst (time, pointing).
• Super-K-Gd project may potentially release alert within 1 sec.

Electromagnetic trigger:
• High-cadence EM surveys (ZTF, ASAS-SN, etc.) could guarantee early coverage.
• Neutrino trigger would provide independent check.
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failed supernovae with black hole formation.

• WHERE astronomers should look. For a Milky Way
core-collapse, the Super–Kamiokande detector will be
able to exploit the directionality in neutrino-electron
scattering to restrict the source direction to within a few
degrees. This will greatly improve the chances of suc-
cessful electromagnetic searches on short timescales.
In principle, this information could be distributed in
less than a minute. This directionality will only be valu-
able if there is a means to quickly exploit it with wide-
field instruments to first narrow the search region and
then quickly follow up with more powerful instruments.

Optical/near-IR observations will remain a crucial compo-
nent of studies of Galactic SNe. This includes traditional uses
such as characterizing the external explosion (energy, mass,
composition, velocity; e.g., Hamuy 2003) and the properties
of the progenitor (e.g., Smartt 2009), but also new probes (see
Fig. 1), such as progenitor variability (e.g., Szczygieł et al.
2012), precursor eruptions (e.g., Pastorello et al. 2007; Ofek
et al. 2013; Mauerhan et al. 2013), and constraining the exis-
tence of failed SNe (Kochanek et al. 2008). Now that large
neutrino detection experiments are running, the next Galac-
tic ccSNe will also provide an unprecedented opportunity to
measure the delay time between neutrino detection and shock
breakout, which would probe the density structure of the pro-
genitor (Kistler et al. 2012). All these applications depend
critically on the optical/near-IR observability of the SNe and
its progenitor given our position near the midplane of a dust-
filled disk galaxy.

Aspects of this problem have been discussed previously.
van den Bergh (1975) presents predictions of the V-band ob-
servability of the next Galactic SNe assuming the Galaxy was
a uniform disk with uniform absorption and a uniform inci-
dence of SNe and further discusses the prospects of distance
determination. Tammann et al. (1994) use a similar exercise
to infer the Galactic SN rate; their model consists of thin disk,
thick disk, and halo components as well as a dust distribution,
but no further details are given.

Given the improvement in models of the Galactic dust dis-
tribution, it is worth revisiting the estimates of van den Bergh
(1975) and Tammann et al. (1994). We model the SNe dis-
tribution with a double-exponential disk model using modern
estimates of the scale lengths and heights for each population,
and model the extinction with a similar double-exponential
distribution normalized to the line of sight extinction of mod-
ern dust maps. We present results for both V-band and near-IR
observability. We also fold in the observed luminosity func-
tions of SNe and estimate the probability of identifying the
SNe progenitor in archival data.

We separately consider SNe Ia and ccSNe, since they
should have differing spatial distributions, and use our mod-
eled SN observability to infer a Galactic supernova rate. We
also predict the observability of the shock breakout and failed
supernovae. Finally we review the neutrino detection process
and discuss how near real-time neutrino alerts could be pro-
vided. In §2 we define our models. We discuss the electro-
magnetic observability results in §3, neutrino detection in §4,
and present our conclusions in §5. Two appendices outline
observational systems to detect Galactic SBO emission even
in daytime and for observing extragalactic SBO events within
the Local Volume. Throughout the paper we use the Vega
magnitude system.

FIG. 1.— Schematic time sequence for the stages of a ccSN. The scaling
of the time axis varies to display vastly different timescales. The top panel
shows the combined bolometric electromagnetic and neutrino luminosities,
while the bottom panel displays the typical V-band magnitudes. The progen-
itor phase refers to the pre-core collapse star. With the ignition of carbon
and later stages of nuclear burning the progenitor may experience episodes
of high variability in the millennia, years, or days before the core-collapse,
where the maximum and minimum luminosities and magnitudes for these
precursor events are from SN 2010mc (Ofek et al. 2013) and SN2011dh
(Szczygieł et al. 2012). The core-collapse releases ⇠ 104 times more energy
in neutrinos in ⇠ 10 seconds than is released in the electromagnetic signal of
the supernova over its entire duration. The progenitor luminosity and post-
shock breakout light curve are from SN1987A and its likely progenitor, SK
-69d 202 (Arnett et al. 1989; Suntzeff & Bouchet 1990), and the error bar on
the peak of the MV light curve represents the full range of peak magnitudes
observed by Li et al. (2011b).

2. MODELS
The basis of our model is a Monte Carlo simulation of the

positions of Galactic SNe and their corresponding dust extinc-
tions. We model the progenitor and dust distributions using
the double-exponential spatial distribution

⇢ = Ae-R/Rd e-|z|/H (1)

where R is the Galactocentric radius and z is the height above
the Galactic mid-plane. We must define A, Rd , and H for the
dust distribution, the core-collapse supernova (ccSN) progen-
itors, and the Type Ia (SN Ia) distribution. We outline our
approach for each of these cases in the following subsections.
For these models we use several of the same input parameters
as TRILEGAL (TRIdimensional modeL of thE GALaxy), a
population synthesis code for simulating stellar populations
along any direction through the Galaxy (Girardi et al. 2005).
The Sun is placed H� = 24 pc above the mid-plane of the disk
at a Galactocentric radius of R� = 8.7 kpc. The Galactic thin
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G-b, G-c, L-a, L-b, L-c. We use sin2(2Θ⊙) = 0.9 for the
solar neutrino mixing angle.

As reaction channels we use elastic scattering on elec-
trons νe− → νe−, inverse beta decay ν̄ep → ne+, and
the charged-current reaction νe + 16O → X + e−, while
neglecting the other, subdominant reactions on oxygen.
The cross sections for these reactions are summarized in
Appendix B. The oxygen reaction is included because
it provides the dominant background for the directional
electron scattering reaction in a detector configuration
with neutron tagging where the inverse beta reaction can
be rejected.

For the detector we assume perfect efficiency above an
“analysis threshold” of 7 MeV, and a vanishing efficiency
below this energy. The actual detector threshold may be
as low as 5 MeV. Though lowering the threshold increases
the ratio of elastic scattering events and the inverse beta
events, it also introduces a background from the neutral-
current excitations of oxygen (see Appendix B). In order
to avoid additional uncertainties from the cross section of
these oxygen reactions, we use the higher analysis thresh-
old. We have checked that the net improvement by low-
ering the threshold to 5 MeV is less than 10% in all cases.

We assume a fiducial detector mass of 32 kiloton of wa-
ter. Using the neutrino spectra and mixing parameters
from the six cases mentioned above, we obtain 250–300
electron scattering events, 7000–11500 inverse beta de-
cays, and 150–800 oxygen events. The ranges correspond
to the variation due to the six different combinations of
neutrino mixing scenarios and models for the initial spec-
tra.

The procedure of event generation is described in Ap-
pendix C. The angular resolution function of the Super-
Kamiokande detector does not follow a Gaussian distri-
bution, rather it is close to a Landau distribution that we
use for our simulation. In Fig. 4, the angular distribution
of ν̄ep → ne+ events (green) and elastic scattering events
νe− → νe− (blue) of one of the simulated SNe are shown
in Hammer-Aitoff projection, which is an area preserving
map from a sphere to a plane.

The position of the SN is estimated with the OMc
method. As explained in Sec. II, the optimal value of the
angular cut depends on the neutron tagging efficiency as
well as the neutrino spectra. We use a sharp cutoff with
30◦ opening angle for the OMc, which may not be opti-
mal, but is observed to be close to optimal in almost the
whole parameter range. For low values of εtag, the value
of the cut should be lowered whereas for large values of
εtag it should be increased by about 10◦. The optimal
cut depends also on the details of the detector properties
and neutrino spectra.

A histogram of the angular distances between the true
and the estimated SN position found in 40000 simulated
SNe for different neutron tagging efficiencies for the case
G-a is shown in Fig. 5. The histogram fits well the dis-
tribution

f(ℓ)dℓ =
1

δ2
exp

(

−
ℓ2

2δ2

)

ℓdℓ , (15)

FIG. 4: Angular distribution of ν̄ep → ne+ events (green)
and elastic scattering events νe− → νe− (blue) of one simu-
lated SN.

where ℓ is the angle between the actual and the estimated
SN direction, and δ is a fit parameter.
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FIG. 5: Histogram of the angular distance ℓ of the esti-
mated SN direction to the true one for 40000 simulated SNe
with neutrino parameters corresponding to G-a and neutron
tagging efficiencies εtag = 0, 0.8 and 1. The fits using the
distribution in Eq. (15) are also shown.

Defining the opening angle ℓα for a given confidence
level α as the value of ℓ for which the SN direction esti-
mated by a fraction α of all the experiments is contained
within a cone of opening angle ℓ, we show in Fig. 6 the
opening angle for 95% C. L. for the six cases of neu-
trino parameters. Clearly, the pointing accuracy depends
weakly on the neutrino mixing scenario as well as the
initial neutrino spectra. Some salient features of this de-
pendence may be understood qualitatively as follows.

The signal events are dominated by νe. Indeed, nearly
half of the elastic scattering events are due to νe, whereas
the remaining half are due to the other five neutrino

• SN location with neutrinos crucial for vanishing or weak SNe.

• Fundamental for multi-messenger searches.

• Angular uncertainty comparable to e.g., ZTF, LSST potential.

⌫ + e� ! ⌫ + e�

Super-K Hyper-K
water 6 deg 1.4 deg

water+Gd 3 deg 0.6 deg

 Supernova Pointing



Triangulation may reach precision of few degrees for CC-SN and sub-degree for failed SN.

Brdar, Lindner, Xu, JCAP (2018). Muehlbeier et al., PRD (2013).
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FIG. 5. Regions constrained at 1� CL by two-detector combinations. “SuperK” and “IC” are the abbre-
viations for Super-Kamiokande and Icecube detector, respectively. All regions expectedly overlap at the SN
location (indicated with a black dot) which we set in the Galactic center. The left and right panels show
scenarios of the core collapsing into a neutron star or a black hole respectively.
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FIG. 6. In the left panel (neutron star) we show the 1, 2 and 3� regions for three-detector combinations.
We indicate the true SN locations with green dots. In the right panel (black hole), for the Icecube-DUNE-
SuperK combination, we mark the fake solution with a purple dot. Due to high precision, the 1, 2 and 3�
regions in this case are hardly visible.

r
k

z = R� sin�
Lat

, (17)

in the Cartesian coordinate system where r
k

= (r
k

x, r
k

y, r
k

z) and R� is the Earth radius. For
consistency, we employ the Earth-centered equatorial coordinate system with right-ascension ↵
and declination � to measure SN location in the sky. The unit vector n in this coordinate system
is n = (� cos↵ cos �,� sin↵ cos �,� sin �), where the minus sign indicates the direction of the
incoming neutrinos. The conversion between the more commonly used galactic coordinate system
and the equatorial one is straightforward (see Ref. [19]).

Having defined the arrival time di↵erence (t
ij

) for a pair of detectors i and j, as well as quantified
the SN arrival time uncertainties, �t, for relevant detectors (see table I), we adopt the following �2
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regions in this case are hardly visible.
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with tr = 6 ms, τr = 50 ms and Rmax
ν̄e

= 1.5 × 103 bin−1.
These parameters also provide an excellent fit to the first
100 ms of a numerical model from the Garching group [8]
that is available to us.

We may compare these assumptions with the early-
phase models of Ref. [7]. Lν̄e

rises nearly linearly to
L52 = 1.5–2 within 10 ms. The evolution of ⟨Eν̄e

⟩RMS =
(⟨E3

ν̄e

⟩/⟨Eν̄e
⟩)1/2 is also shown, a common quantity in

SN physics that characterizes, for example, the efficiency
of energy deposition; the IceCube rate is proportional
to ⟨Eν̄e

⟩2RMS. At 10 ms after onset, ⟨Eν̄e
⟩RMS reaches

15 MeV, implying ⟨E3
15⟩/⟨E15⟩ = 1. We thus estimate

10 ms after onset a rate of 280–370 bin−1, to be compared
with 270 bin−1 from Eq. (4). Therefore, our assumed sig-
nal rise is on the conservative side.

Of course, the early models do not fix τr and Rmax
ν̄e

separately; the crucial parameters are tr and Rmax
ν̄e

/τr.
The maximum rate that is reached long after bounce is
not relevant for determining the onset of the signal.

If flavor oscillations swap the ν̄e flux with ν̄x (some
combination of ν̄µ and ν̄τ ), the rise begins earlier be-
cause the large νe chemical potential during the prompt
νe burst does not suppress the early emission of ν̄x [7].
Moreover, the rise time is faster, ⟨E⟩RMS larger, and the
maximum luminosity smaller. We use Eq. (4) also for Rν̄x

with tr = 0, τr = 25 ms, and Rmax
ν̄x

= 1.0 × 103 bin−1.
Flavor oscillations are unavoidable and have been stud-

ied, for early neutrino emission, in Ref. [7]. Assuming
the normal mass hierarchy, sin2 Θ13

>
∼ 10−3, no collec-

tive oscillations,1 and a direct observation without Earth
effects, Table I of Ref. [7] reveals that the νe burst would
be completely swapped and thus nearly invisible because
the νxe− elastic scattering cross section is much smaller
than that of νe. The survival probability of ν̄e would be
cos2 Θ12 ≈ 2/3 with Θ12 the “solar” mixing angle. There-
fore, the effective detection rate would be 2

3 Rν̄e
+ 1

3 Rν̄x
.

We use this case as our main example.

IV. RECONSTRUCTING THE SIGNAL ONSET

A typical Monte Carlo realization of the IceCube signal
for our example is shown in Fig. 1. One can determine
the signal onset t0 within a few ms by naked eye. For a
SN closer than our standard distance of 10 kpc, one can
follow details of the neutrino light curve without any fit.

One can not separate the ν̄e and ν̄x components for
the example of Fig. 1. Therefore, we reconstruct a fit
with a single component of the form Eq. (4), assuming
the zero-signal background is well known and not fitted

1 In the normal hierarchy, collective oscillation effects are usually
absent. It has not been studied, however, if the early neutrino
signal can produce multiple splits that can arise also in the nor-
mal hierarchy [9]. Moreover, for a low-mass progenitor collective
phenomena can be important if the MSW resonances occur close
to the neutrino sphere [10, 11].
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FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

here. Using a time interval until 100 ms post bounce,
we reconstruct t0 = 3.2 ± 1.0 ms (1σ). If we use only
data until 33 ms post bounce we find t0 = 3.0 ± 1.7 ms.
Indeed, if one fits Eq. (4) on an interval that ends long
before the plateau is reached, we effectively fit a second
order polynomial with a positive slope and negative sec-
ond derivative at tr, whereas the plateau itself is poorly
fitted and its assumed value plays little role. Depending
on the distance of the SN one will fit more or fewer details
of the overall neutrino light curve and there may be more
efficient estimators for tr. Our example only provides a
rough impression of what IceCube can do.

The reconstruction uncertainty of t0 scales approxi-
mately with neutrino flux, i.e., with SN distance squared.
The number of excess events above background marking
the onset of the signal has to be compared with the back-
ground fluctuations. Therefore, a significant number of
excess events above background requires a longer integra-
tion period if the flux is smaller, explaining this scaling
behavior.

The interpretation of t0 relative to the true bounce
time depends on the flavor oscillation scenario realized in
nature. This is influenced by many factors: The value of
Θ13, the mass ordering, the role of collective oscillation
effects, and the distance traveled in the Earth. Com-
bining the signal from different detectors, using future
laboratory information on neutrino parameters, and per-
haps the very coincidence with a gravitational-wave sig-
nal may allow one to disentangle some of these features.
However, as a first rough estimate it is sufficient to say
that the reconstructed t0 tends to be systematically de-
layed relative to the bounce time by no more than a few
ms. The statistical uncertainty of the t0 reconstruction
does not depend strongly on the oscillation scenario.

Timing for gravitational wave detection. 

  Pagliaroli et al., PRL (2009), Halzen & Raffelt PRD (2009). Nakamura et al., MNRAS (2016). 
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Figure 5. The GW characteristics in the first 60 ms postbounce. Left: the inputted (solid red line) and reconstructed (dashed blue)
gravitational waveform. Right: the spectrogram of the reconstructed waveform in the frequency window [50, 500] Hz. Both panels are for
a CCSN at a distance of 8.5 kpc.
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Figure 6. SNR of the GW from a distance of 8.5 kpc estimated in time-frequency pixels. Left: analysis based on a GW search over
more than 1 second without a neutrino trigger. Right: SNR in the small time-frequency window with the aid of the neutrino timing
information, corresponding to the right panel of Figure 5. Note the di↵erent scale between the left and right panels.

timing information from neutrino observations. The max-
imal SNR for the prompt convection GW signal pixel in-
creases from ⇠ 3.5 to ⇠ 7.5. The latter almost meets the
conventional detection threshold.

3.3 Electromagnetic waves

The first electromagnetic signal from a CCSN is the emission
from SBO (e.g., Falk 1978; Klein & Chevalier 1978; Matzner
& McKee 1999). The e↵ective temperature of the SBO emis-
sion is estimated to be ⇠ 4⇥105K. Thus, the emission peaks
at UV wavelengths. However, as discussed below, CCSNe at
the Galactic Center are likely to su↵er from large interstellar
extinction. Therefore, the observed spectral distribution of
the SBO is likely not to peak at UV wavelengths, and ob-

servations in optical and NIR are more promising (Adams
et al. 2013). For Type IIP supernovae, the SBO emission in
optical and NIR wavelengths is expected to be fainter than
the main plateau emission, which we discuss below, by about
1 mag and 2 mag, respectively (Tominaga et al. 2011).

After cooling envelope emission following shock break-
out emission (e.g., Chevalier & Fransson 2008; Nakar & Sari
2010; Rabinak & Waxman 2011), Type IIP supernovae en-
ter the plateau phase lasting about 100 days. The luminosity
and duration of the plateau can be estimated by equations
(A16)–(A17) using Mej, Ek, and R0. The solid (blue) lines
in Figure 7 show schematic light curves after the plateau
phase for our s17.0 model placed at 8.5 kpc distance. The
luminosity is then converted to optical (V -band, 0.55 µm)
and NIR (K-band, 2.2 µm) magnitudes assuming a bolo-

MNRAS 000, 1–21 (2016)
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•Neutrinos (and gravitational waves) carry signatures of hydrodynamical instabilities.  

•Outcome depending on progenitor mass. 

•Only SN models with high mass exhibit SASI.

Imprints of Hydrodynamical Instabilities
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Figure 1. GW amplitudes A+ and A⇥ as functions of time after core bounce. From the top: s27, s20, s20s, and s11, respectively. The two columns show
the amplitudes for two di↵erent viewing angles: an observer situated along the z-axis (pole; left) and an other observer along the x-axis (equator; right) of
the computational grid, respectively. Episodes of strong SASI activity occur between the vertical red lines; dashed and solid lines are used for model s27 to
distinguish between two di↵erent SASI episodes.

significantly after the Si/O shell interface has crossed the shock.
The decreasing accretion rate leads to shock expansion, and shock
revival occurs around 300 ms post bounce.

• G27-2D: In order to compare our results to those of a rela-
tivistic 2D simulation of the SASI-dominated s27 model, we also
reanalyse the 2D model G27-2D presented by Müller et al. (2013),
which was simulated with coconut-vertex (Müller et al. 2010). co-

conut (Dimmelmeier et al. 2002, 2005) uses a directionally-unsplit
implementation of the piecewise parabolic method (with an approx-
imate Riemann solver) for general relativistic hydrodynamics in
spherical polar coordinates. The metric equations are solved in the
extended conformal flatness approximation (Cordero-Carrión et al.
2009). The model was simulated with an initial grid resolution of
400 ⇥ 128 zones in r and ✓, with the innermost 1.6 km being sim-
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Figure 6. GW amplitudes A+ and A⇥ as functions of time after core bounce for models m15fr, m15r, and m15nr (from top to bottom). The two columns show
the amplitudes for an observer situated along the pole (left) and in the equatorial plane (right). Episodes of strong SASI activity occur between the vertical red
dashed lines.

2006b). The basic physical picture is that when a buoyant plume
propagates outwards, with conserved specific angular momentum,
its rotation rate is less than that of the surrounding medium and
it experiences a weaker centrifugal force. The result is a net force
which acts against the outward propagation of the plume. Angular
momentum transfer by convection will eventually flatten the rota-
tion profile within the PNS and the restoring force will gradually
decrease with time. We can see this by considering the turbulent
mass flux

fm(r) = h⇢0(r, ✓, �) v0r(r, ✓, �)i, (10)

where ⇢0 and v0r are the local deviations from the angular aver-
ages of density and radial velocity (at any given radius), respec-

tively. The angle brackets denote averaging over all angular bins
(see e.g., Nordlund et al. (2009), Viallet et al. (2013)).

The top panel of Fig. 9 shows that the turbulent mass flux is
largest in the non-rotating model m15nr. At 185 ms post-bounce
(bottom panel) the situation has changed and model m15r now ex-
hibits the largest turbulent mass flux. At all times, the fastest rotat-
ing model (m15fr) clearly shows the lowest turbulent mass flux.

Based solely on the damping e↵ect that rotation has on
PNS convection, we would expect an overall reduction of high-
frequency GW emission in the two rotating models. We would also
expect that the fastest rotating model m15fr emits the weakest high-
frequency signal. However, the picture is not so simple, because we
also have to consider the e↵ects of SASI activity, whose strong in-
fluence exerted through a coherent large-scale modulation of the

MNRAS 000, 000–000 (0000)
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Rotation smears SASI modulations  
in neutrino signal.
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FIG. 1. IceCube detection rate for the three 15M� SN cases
placed at 10 kpc from the observer. Upper panel: Event rate
for the non-rotating, slowly and fast rotating progenitors. The
observer direction is chosen in favor of strong signal modula-
tions. Two scenarios for flavor conversions (⌫̄

e

for no flavor
conversion and ⌫̄

x

for complete flavor conversion) are shown.
Bottom panel: ⌫̄

e

event rate for the fast rotating SN for an
observer located along the SN rotation axis and on a plane
perpendicular to it.

model is on average comparable to the one of the non-
rotating progenitor, given that both models do not ex-
plode. It still shows modulations due to SASI, but these
are smeared and weakened by rotation and convection.

In the rapidly rotating progenitor, the average event
rate is lower than in the other two cases because of the
lower energy budget radiated in neutrinos due to the
quenched accretion by the onset of the explosion. The
neutrino signal clearly reflects the unsteady downflow
dynamics and does not exhibit any clean SASI modu-
lation. To better illustrate these characteristic features,
Fig. 2 shows, on a Mollweide map of observer directions,
snapshots at di↵erent times of the amplitude of the ⌫̄

e

IceCube event rate R, normalized by its 4⇡ average hRi:
[(R�hRi)/hRi]. The downflows are visible by the relative
event rate along the rotation axis being higher than in
the perpendicular plane. This is further illustrated in the
bottom panel of Fig. 1, where the neutrino event rates
seen along the polar directions and in the perpendicular
plane exhibit similar modulation patterns, and the over-
all event rate is higher along the rotation axis. Movies of
the time-evolution of the event rate for the three studied
cases are also provided as supplementary material.

FIG. 2. Directional variations of the normalized ⌫̄
e

IceCube
rate, [(R � hRi)/hRi], for the fast rotating 15M� SN pro-
genitor on a map of observer directions at three post-bounce
times.

We focus on IceCube for its large event statistics.
However, Hyper-Kamiokande [60] could provide simi-
lar information with lower statistics, but guaranteeing a
background-free signal that will be competitive for SNe at
large distances [32]. Notably, a combined reconstruction
of the neutrino light-curve observed by IceCube, Hyper-
Kamiokande, and possibly DUNE [61] would be optimal
to better pinpoint the features described above.
It is worth noticing that Hyper-Kamiokande will pro-

vide energy information, in addition to details on the
temporal evolution of the neutrino signal. However, in
the following, we will focus on the analysis of the neu-
trino event rate only. In fact, we found that although
the neutrino energy spectra may give us hints on the
progenitor rotation as they are more pinched for the fast
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High frequency modulations appear in the spectrogram as rotational speed increases.
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FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M� slowly rotating on the top and 15M� fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
not limited to time intervals where SASI occurs.

and Fig. 3). This may be an illustration of a more intri-
cate interplay between SASI and convection due to ro-
tation, as will be further discussed in the next section.
Along the “strong” direction, the spectrograms show sig-
nificant activity above 200 Hz, not present in the corre-
sponding direction for the non-rotating progenitors. Al-
though this feature signals rotation, it might be hard to
identify it unambiguously because of degeneracies with
the signatures seen by observers located away from the
SASI plane for non-rotating progenitors (see, e.g., the
spectrogram of the weak direction of the 20M� in Fig. 4).
To overcome this challenge in using the neutrino signal
to identify rotation, other detectable features must be
employed and combined with the spectrograms.

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ⌫̄

e

IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to �f = 1/⌧ ⇡ 7.7 Hz, for the 27, 11.2,
and each 15M�, and over [150, 330] ms, corresponding
to �f = 1/⌧ ⇡ 5.5 Hz, for the 20M� model.

While the 11.2M� progenitor has a flat power spec-
trum as a result of convection and the absence of SASI

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
⇠ 75 Hz for the 27 and 20M� progenitors and ⇠ 55 Hz
for the 15M� progenitor. The di↵erence in the SASI fre-
quencies is due to di↵erences in the shock radii between

the progenitors, being related by f

SASI

/ R

�3/2

shock

[32, 36].

The power of the SASI peak is progenitor dependent,
being highest for the 20M� case, which, as also visi-
ble from Fig. 3, has the neutrino event rate with the
largest modulations. One can see from the insets in each
of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ⇠5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M� rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M�
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and
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ble from Fig. 3, has the neutrino event rate with the
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at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ⇠5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M� rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M�
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and
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FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M� slowly rotating on the top and 15M� fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
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and Fig. 3). This may be an illustration of a more intri-
cate interplay between SASI and convection due to ro-
tation, as will be further discussed in the next section.
Along the “strong” direction, the spectrograms show sig-
nificant activity above 200 Hz, not present in the corre-
sponding direction for the non-rotating progenitors. Al-
though this feature signals rotation, it might be hard to
identify it unambiguously because of degeneracies with
the signatures seen by observers located away from the
SASI plane for non-rotating progenitors (see, e.g., the
spectrogram of the weak direction of the 20M� in Fig. 4).
To overcome this challenge in using the neutrino signal
to identify rotation, other detectable features must be
employed and combined with the spectrograms.

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ⌫̄
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IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to �f = 1/⌧ ⇡ 7.7 Hz, for the 27, 11.2,
and each 15M�, and over [150, 330] ms, corresponding
to �f = 1/⌧ ⇡ 5.5 Hz, for the 20M� model.

While the 11.2M� progenitor has a flat power spec-
trum as a result of convection and the absence of SASI

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
⇠ 75 Hz for the 27 and 20M� progenitors and ⇠ 55 Hz
for the 15M� progenitor. The di↵erence in the SASI fre-
quencies is due to di↵erences in the shock radii between
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[32, 36].

The power of the SASI peak is progenitor dependent,
being highest for the 20M� case, which, as also visi-
ble from Fig. 3, has the neutrino event rate with the
largest modulations. One can see from the insets in each
of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ⇠5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M� rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M�
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and
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FIG. 4. Spectrograms of the ⌫̄
e

event rate observed in IceCube along the directions selected in Fig. 3 with strong, intermediate
and weak modulations of the signal (from left to right) for all non-rotating models (i.e., 27, 20, 11.2, and 15M� from top to
bottom). The spectrogram power has been normalized to the maximum Fourier power along the selected observer direction,
and plotted on a log color scale. The SASI activity corresponds to the hottest regions in each spectrogram for the 27, 20 and
15M� models. Convection is instead characterized by signal variations more uniformly spread over all frequencies above 50 Hz
in the 11.2M� model.

tion. None of the spectrograms displays significant signal
modulations above 300 Hz. The 11.2M� SN model, in
contrast to the other non-rotating models, is character-
ized fully by convection, which is visible in the spectro-
gram as low-amplitude power more uniformly distributed
over time through all frequencies up to 400� 500 Hz.

For comparison, Fig. 5 shows the spectrograms for the
slowly and fast rotating models along the three selected
observer directions. In contrast to the non-rotating pro-
genitors, the spectrograms of the rotating progenitors in
the strong-modulation direction show a wide spread in
frequencies other than the SASI frequency (see Figs. 1

0

Non Rotating Model
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FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M� slowly rotating on the top and 15M� fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
not limited to time intervals where SASI occurs.

and Fig. 3). This may be an illustration of a more intri-
cate interplay between SASI and convection due to ro-
tation, as will be further discussed in the next section.
Along the “strong” direction, the spectrograms show sig-
nificant activity above 200 Hz, not present in the corre-
sponding direction for the non-rotating progenitors. Al-
though this feature signals rotation, it might be hard to
identify it unambiguously because of degeneracies with
the signatures seen by observers located away from the
SASI plane for non-rotating progenitors (see, e.g., the
spectrogram of the weak direction of the 20M� in Fig. 4).
To overcome this challenge in using the neutrino signal
to identify rotation, other detectable features must be
employed and combined with the spectrograms.

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ⌫̄

e

IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to �f = 1/⌧ ⇡ 7.7 Hz, for the 27, 11.2,
and each 15M�, and over [150, 330] ms, corresponding
to �f = 1/⌧ ⇡ 5.5 Hz, for the 20M� model.

While the 11.2M� progenitor has a flat power spec-
trum as a result of convection and the absence of SASI

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
⇠ 75 Hz for the 27 and 20M� progenitors and ⇠ 55 Hz
for the 15M� progenitor. The di↵erence in the SASI fre-
quencies is due to di↵erences in the shock radii between

the progenitors, being related by f

SASI

/ R

�3/2

shock

[32, 36].

The power of the SASI peak is progenitor dependent,
being highest for the 20M� case, which, as also visi-
ble from Fig. 3, has the neutrino event rate with the
largest modulations. One can see from the insets in each
of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ⇠5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M� rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M�
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and

Slow Rotating Model
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Figure 1. Hyper-Kamiokande (HK, upper) and IceCube (lower)
detection rates of ν̄e at 10 kpc for our rapidly rotating 27M⊙
model as a function of time after bounce. The red and green line
corresponds to the event rates (per 1 ms bin) for an observer
along the equator and the pole, respectively. In both of the detec-
tors, a quasi-periodic modulation (red lines) is clearly seen for the
observer along the equator. For IceCube, the background fluctu-
ations are shown by blue line.

bounce, where the highest emission region is shifting to the
direction at (θ, φ) ≈ ( π2 ,

3π
2 ) due to rotation of the hot spot.

The neutrino event rates become biggest when the hot spot
directly points to the observer.

Looking into more details, we show that the time mod-
ulation of Figure 1 originally comes from rotation of the
anisotropic ν̄e flux at the neutrino sphere. The bottom pan-
els of Figure 2 show the degree of the anisotropic ν̄e flux
(δFν̄e ) in the equatorial plane (i.e., seen from the direc-
tion parallel to the spin axis). In the panels, the black cir-
cle drawn at a radius of 50 km roughly corresponds to the
(average) ν̄e sphere. In the bottom left panel, the excess
of δFν̄e (colored by red) is strongest at (X,Y) = (−300, 0),
corresponding to (θ, φ) ≈ ( π2 , π) in the top left panel. At 2
ms later, the bottom right panel shows that the central re-
gion rotates counterclockwisely, making the hot spot rotate
simultaneously to the right direction at (X,Y ) = (0,−300).
Again this corresponds to the red region in the top right
panel at (θ, φ) ≈ ( π2 ,

3π
2 ).

The rotation of the anisotropic neutrino emission seen
in Figure 2 is associated with the one-armed spiral flows.

Figure 2. Rotation of the anisotropic ν̄e flux around the spin
axis. Top panels show the deviation of the flux from the angle-
averaged one (δFν̄e

, Eq.(2)) at two snapshots of 103 ms (left
panels) and 105 ms (right panels) after bounce, respectively. In
the skymaps using the Hammer projection, the latitudes and lon-
gitudes are indicated by the dotted lines. Similar to the top pan-
els, but the bottom panels display δFν̄e

on the equatorial plane
(z = 0). The high neutrino emission region (colored by red) ro-
tates in a counterclockwise direction from the bottom left to the
bottom right panel (compare also the top left with the top right
panel).

As already discussed in Takiwaki et al. (2016), the growth
of the spiral flows is triggered by the low-T/|W | instability.
Like a screw, the non-axisymmetric flows initially develop
from the PNS surface at a radius of 20 km (e.g., middle
panel of Figure 3 of Takiwaki et al. (2016)), then penetrate
into the ν̄e sphere (e.g., black circle in the bottom panels
of Figure 2), leading to the anisotropic neutrino emission.
Rotation of the anisotropic ν̄e flux at the neutrino sphere is
the origin of the neutrino lighthouse effect, leading to the
observable modulation in the neutrino signal as shown in
Figure 1.

The top panel of Figure 3 shows power spectrum of the
IceCube event rate on the interval of 100 ms after bounce.
Seen from the equator (red line), one can clearly see a peak
around 120 Hz, which cannot be seen from the pole (green
line). Following Lund et al. (2010) (e.g., their Appendix A
and Eq. (12)), the noise level of the IceCube is estimated
as 160.32 (for the 100 ms time interval). This is significantly
lower than the peak amplitude (red line) at a 10 kpc distance
scale.

The bottom panel of Figure 3 shows that the matter
rotational frequency (at three different postbounce times)
closely matches with the neutrino modulation frequency
(horizontal pink band, 120 ± 10 Hz) at a radius of 40 ∼ 50

km, which corresponds to the ν̄e sphere radius. This also
supports the validity of the concept of the neutrino light-
house effect firstly proposed in this work.

Finally we shortly discuss the GW signatures from our
3D model. The top panel of Figure 4 shows the GW am-
plitude (plus mode) for observers along the equator (red
line) and along the pole (green line), respectively. Seen from
the equator (red line), the waveform after bounce is char-
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Figure 3. Similar to Figure 1 (lower) but for the power spec-
trum of the IceCube event rate on the interval of 100 ms (from
50 to 150 ms after bounce). A pronounced peak can be seen
at ∼ 120 Hz (red line) for an observer in the equatorial direc-
tion (labeled as ”Equator” ). Bottom panel shows radial profiles
of the rotational frequency of the matter at three postbounce
times of 50 ms (blue line), 100 ms (red line) and 150 ms (green
line), respectively. The rotational frequency is estimated from the
(azimuthally-averaged) angular velocity as Ω/2π. The horizontal
pink band approximately corresponds to the peak frequency in
the spectrum with the HWHM contribution (120 ± 10 Hz).

acterized by a big spike followed by the ring-down phase
(up to ∼ 30 ms after bounce). This is the most generic
waveform from rapidly rotating core-collapse and bounce
(Dimmelmeier et al. 2008), also known as the type I wave-
form. Seen from the spin axis (green line), the GW ampli-
tude deviates from zero only after ∼ 40 ms postbounce when
the non-axisymmetric instabilities start to develop most
strongly in the equatorial region. The wave amplitude is thus
bigger for the polar observer compared to the equatorial ob-
server. Note that the polar-to-equator contrast in the GW
amplitude is stronger for the cross mode (not shown in the
plot) than the plus mode. These features are consistent with
those obtained in previous 3D models (Scheidegger et al.
2010; Ott 2009) but with more approximate neutrino treat-
ments.

The bottom panel of Figure 4 shows the characteristic
GW spectra (hc) relative to the sensitivity curves of ad-
vanced LIGO and KAGRA for a source at 10 kpc. Seen
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Figure 4. Top panel shows the GW amplitude of plus mode for
observers along the equator (red line) and the pole (green line)
for a source at 10 kpc. The bottom panel shows the character-
istic GW spectra relative to the sensitivity curves of advanced
LIGO (Harry & LIGO Scientific Collaboration 2010), advanced
Virgo (Hild et al. 2009) and KAGRA (Aso et al. 2013). Note in
the bottom plot, we focus on only the frequency range (! 500 Hz)
with the maximum sensitivity.

either from the equator (red line) or the pole (green line),
the peak GW frequency is around 240Hz (e.g., the pink ver-
tical band). Note that this is about twice as large as that of
the modulation frequency of the neutrino signal (∼ 120 Hz).
This is simply because a deformed object rotating around
the spin axis in the frequency of f emits the quadrupole
GW radiation with the frequency of 2 f . Our results show
that the non-axisymmetric flow induced by the low-T/|W|
instability is the key to explain the correlation between the
time modulation in the neutrino and GW signal in the con-
text of rapidly rotating CCSNe. One can also see that the
characteristic GW amplitude for the polar observer (green
line) in absence of the bounce GW signal is more narrow-
banded compared to that for the equatorial observer (red
line). As one would expect, the maximum hc at the peak
GW frequency (∼ 240 Hz) is bigger for the polar observer
than that for the equatorial observer. It should be noted that
the peak frequency is close to the maximum sensitivities of
advanced LIGO, advanced Virgo, and KAGRA. These neu-
trino and GW signatures, if simultaneously detected, could
provide new evidence of rapid rotation of the forming PNS.
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Supernova Astroseismology

Westernacher-Schneider, O’Connor et al., in preparation.  
Torres-Forne et al., MNRAS (2017, 2018). Morozova et al., ApJ (2018). Andrersson et al., MNRAS (1998).

Astroseismology of rotating supernovae is possible through neutrinos and gravitational waves.

Executive summary

In this part, we show that asteroseismology of rotating core-collapse supernovae is possible
with a multimessenger strategy. Using a standard stellar model with 20M� zero-age main
sequence mass with 1.0 rad/s pre-collapse central rotation, we show that an l = 2, n & 2
oscillation mode of the newly-born rotating proto-neutron star with frequency . 280 Hz is
responsible for a correlated peak emission frequency in both gravitational waves and neutrino
luminosities. We achieve this by first identifying the mode in the non-rotating model via an
eigenfunction matching procedure between the full nonlinear simulation and a perturbative
calculation. Then we follow the mode along a sequence of rotating models by establishing
the continuity of its eigenfunction. For an initial pre-collapse rotation rate of 1 rad/s, the
correlated frequency of gravitational wave and neutrino luminosity emerges. We show that
the dominant angular harmonics of the emission pattern of neutrinos on the sky are consistent
with the mode energy in a shell around the neutrinospheres, where r ⇠ 60 � 80 km. Thus,
the neutrinos carry information about the mode in the outer region of the proto-neutron star
where r ⇠ 60 � 80 km, whereas the gravitational waves probe the deep inner core r . 30
km.

Figure III: Preview of the l = 2, m = 0, n = 2 mode, whose frequency mask is overlaid on
the gravitational wave and neutrino spectrograms from our sequence of rotating models.
The models are parameterized by pre-collapse rotation ⌦ = {0.0, 0.5, 1.0, 2.0, 2.5} rad/s.
Here we see that the mode is coincident with dominant bands in the ⌦ = 1.0 rad/s case
across all messengers.

88

Executive summary

In this part, we show that asteroseismology of rotating core-collapse supernovae is possible
with a multimessenger strategy. Using a standard stellar model with 20M� zero-age main
sequence mass with 1.0 rad/s pre-collapse central rotation, we show that an l = 2, n & 2
oscillation mode of the newly-born rotating proto-neutron star with frequency . 280 Hz is
responsible for a correlated peak emission frequency in both gravitational waves and neutrino
luminosities. We achieve this by first identifying the mode in the non-rotating model via an
eigenfunction matching procedure between the full nonlinear simulation and a perturbative
calculation. Then we follow the mode along a sequence of rotating models by establishing
the continuity of its eigenfunction. For an initial pre-collapse rotation rate of 1 rad/s, the
correlated frequency of gravitational wave and neutrino luminosity emerges. We show that
the dominant angular harmonics of the emission pattern of neutrinos on the sky are consistent
with the mode energy in a shell around the neutrinospheres, where r ⇠ 60 � 80 km. Thus,
the neutrinos carry information about the mode in the outer region of the proto-neutron star
where r ⇠ 60 � 80 km, whereas the gravitational waves probe the deep inner core r . 30
km.

Figure III: Preview of the l = 2, m = 0, n = 2 mode, whose frequency mask is overlaid on
the gravitational wave and neutrino spectrograms from our sequence of rotating models.
The models are parameterized by pre-collapse rotation ⌦ = {0.0, 0.5, 1.0, 2.0, 2.5} rad/s.
Here we see that the mode is coincident with dominant bands in the ⌦ = 1.0 rad/s case
across all messengers.

88



Neutron Star Properties

Gallo Rosso et al., JCAP (2018).  
Lattimer & Steiner, ApJ (2014). Gendreau & Arzoumanian, Nature (2017). Lattimer & Prakash, Phys. Rep. (2007). LIGO and 
Virgo, PRL (2018).

Late time neutrino signal can determine neutron star radius with 50-10% precision.  

Complementary information with respect to EM and gravitational wave determination (few %).
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Figure 3: Distribution of the reconstructed proto-neutron star radii for the three neutrino
species. The left panel (a) shows the results obtained with the most conservative prior,
while the right panel (b) presents the ones for a well defined pinching parameter (see
text). The dashed vertical lines show the true values for the radii. Notice that the radius
tail for the ⌫

e

species extends up to 214 km and 130 km in figure (a) and (b) respectively.

E
⌫e and the mean energy hE

⌫ei worsens by a factor of 2. These features are not due
to the likelihoods or the particular analyses: redoing the calculations using a likelihood
with smaller bins lead to the same results. A possible explanation of this behavior may
lie in the different values of the distributions. Indeed, the total emitted energies E

i

and
mean energies hE

i

i of the late time emission are significantly lower than the ones in the
whole time window [8].

In all the analyses, the most significant contribution to the statistics is given by the
IBD events. As already underlined in [30], if the spectral shape (pinching) is unknown,
the oscillation mechanism introduces a degeneracy in the fluxes, especially if the IBD
signal only is considered. It has been shown in [7] that the combination of inverse beta
decay and elastic scattering can break the degeneracy between the total and the mean
energies. However, it is reasonable to expect this works better when the contamination
of ⌫

x

is smaller. Among the 2566 expected IBD events at 10 kpc (16), 1393 are due
to the emitted ⌫

e

and 1173 to the emitted ⌫

x

, i.e. 54% and 46% respectively. With
the true parameters assumed in our previous papers [7, 8] these percentage were 63%

and 37%. This suggest the previous analyses gave better results because the two flux
components were “less entangled”. However, such a combination had not helped to get
a good identification of the second moment of the fluence distribution, as shown in ref.
[8].

These uncertainties propagate to R

i

reconstruction. The histograms describing the
radii distributions given in the default and ↵–prior+ analysis are shown in figure 3a and
3b respectively, while the numerical values are listed in table 3. As expected, in both
cases R

⌫e is undetermined, since the flux parameters for this neutrino species remain
unknown. Concerning R

⌫e and R

⌫

x

, the accuracy remains poor, being around 50% in
the conservative range ↵ 2 [2.1, 3.5] and 25% with the tightest prior ↵ 2 [2.27, 2.47] at
3� (CL).

The explanation of this results can be found projecting the extracted points onto
two-dimensional planes, as shown in figure 4 for the ↵–R plane and for the ⌫

e

and ⌫

x

11

(a) ⌫e species (b) ⌫
x

species

Figure 4: Projection onto the ↵–R plane of 40k points, in the D = 10 kpc (red) and
D = 2kpc (blue) analysis, for the ⌫

e

(a) and ⌫

x

(b) species. In both panels, the star
marks the true values, while the bands highlight the different assumptions on the prior
of ↵.

case, the expected IBD flux5 in figure 2a can be fitted assuming a Garching function
depending upon three parameters only, whose true values are

eE⇤
= 2.4727 foe; hfE⇤i = 9.3065MeV; e↵

⇤
= 2.35023;

e

R

⇤
= 11.122 km; (21)

where the true radius has been obtained by equation (8). Then, the flux can be studied
as it were composed by one non-oscillating effective species ⌫̃. Again, we perform three
different analyses, taking the priors on ↵̃ listed in table 1 and restricting ourselves to the
D = 10 kpc case.

For completeness, the results are shown in table 4. As one can see, the normalization
˜E and the mean h ˜Ei of the distribution are measured with great accuracy, namely ⇠ 4%

and ⇠ 3% in the less constrained analysis. This precision does not improve much with
the most restrictive ↵̃ prior. On the other hand, the spectral shape is not known at all,
with a distribution of the pinching almost flat in the prior. This of course propagates to
the radius. Figure 5a shows the projection onto the ↵̃– ˜

R plane of 40k accepted points at
3� CL. Figure 5b reports the distribution of the reconstructed radius, assuming different
priors on ↵̃. As one can see, the parameter region is thinner with respect to figure 4,
but the correlation is still present. This means that, in the most conservative case, the
emission radius is determined within ⇠ 40%; while it can be reduced up to 10%, but
with an aggressive prior.

Neutron star masses and radii depend on the neutron star equation of state and also
could be modified in extended theories of gravity. Future measurements with X-rays and
gravitational waves will obtain tight constraints on the mass and radius relation of cold

5Namely, the one that gives the highest statistics.

13



• Search for disappearance of red supergiants  
(27 galaxies within 10 Mpc with Large Binocular Telescope). 

• First 7 years of survey:  
6 successful core-collapse, 1 candidate failed supernova.

Adams et al., MNRAS (2017), MNRAS (2017).  Gerke, Kochanek & Stanek, MNRAS (2015). Kochanek et al., ApJ (2008). 

Georg Raffelt, MPI Physics, Munich Supernova Neutrinos, ISAPP 2017, 13–24 June 2017 

Death Watch for a Million Supergiants 

• Monitoring 27 galaxies within 10 Mpc for many years
• Visit typically twice per year
• 106 supergiants (lifetime 106  years)
• Combined SN rate: about 1 per year

First 7 years of survey: 
• 6 successful core-collapse SNe
• 1 candidate failed SN

Gerke, Kochanek & Stanek, arXiv:1411.1761 
Adams, Kochanek, Gerke, Stanek (& Dai), arXiv:1610.02402 (1609.01283) 

Large Binocular Telescope 
Mt Graham, Arizona  Candidate failed SN

Failed core-collapse fraction: 4-43% (90% CL)

A Survey About Nothing



Sukhbold et al., ApJ (2016). Ertl et al., ApJ (2016). Horiuchi et al., MNRSL (2014). O’Connor & Ott, ApJ (2011). O’Connor, ApJ 
(2015). Kuroda et al., MNRAS (2018).

• Failed supernovae up to 20-40% of total (low-mass progenitors can also lead to failed SN). 

• Neutrinos may be the only probes revealing black-hole formation.      

Signatures of Black-Hole Formation
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Existing measurements of the supernovae rate plagued by normalization errors.

Horiuchi et al., ApJ (2011); Botticella et al., A&A (2012). Strolger et al., ApJ (2015).

John%Beacom,%Ohio%State%University% Neutrino%2012,%Kyoto,%Japan,%June%2012% 16%
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Core-Collapse Supernovae to z ⇡ 2.5 from CANDELS and CLASH 7

TABLE 2
Volumetric CCSN Rates From CANDELS and CLASH

CANDELS CLASH CANDELS+CLASH
Redshift Ratea NCC

b Rate NCC Ratec NCC

0.3±0.2 1.34+1.03
�0.60 4.1 3.61+2.68

�1.64 5.7 1.97+1.45
�0.85 9.8

0.7±0.2 4.61+1.52
�1.20 14.8 0.55+2.09

�0.45 0.9 2.68+1.54
�1.04 15.6

1.1±0.2 1.73+1.09
�0.70 5.5 1.49+7.72

�0.78 1.1 1.70+1.19
�0.71 6.6

1.5±0.2 3.38+1.98
�1.30 6.1 2.41+15.3

�1.99 0.3 3.25+2.03
�1.32 6.4

1.9±0.2 3.15+3.24
�1.73 2.8 3.21+28.1

�2.66 0.2 3.16+3.37
�1.77 3.0

2.3±0.2 6.15+6.59
�3.47 2.6 6.41+91.2

�5.30 0.1 6.17+6.76
�3.52 2.7

a In units yr�1 Mpc�3 10�4 h3
70 with statistical errors.

b From Equation 2, in the intervals specified in the redshift column.
c Weighted averages of CCSNe rates. Uncertainties are standard errors in
the weighted means.

Fig. 5.— Volumetric core-collapse supernova rates from CANDELS (blue squares) and CLASH (yellow triangles), and the weight-average
of both surveys (green circles). Points are o↵set horizontally for clarity. CCSNe rates from Dahlen et al. (2012, white circles) are shown
for comparison. Vertical error bars are the statistical uncertainties for each bin, while the horizontal error bars represent the width of the
redshift bin. The green shaded region shows the systematic error range for the combined rates under two extinction assumptions: with
variance in observed extinction, and under extreme limit scenarios discussed in Section 4. The right ordinate shows the scaled star-formation
rate density, assuming  = RCC/[k h2] with k = 0.0091M�1

� .

Extinction in Host Galaxies: As stated in Section 3.5,
we consider the hosts of these supernovae to be largely
normal galaxies, similar to the population of galaxies ob-
served at low-z. The environmental extinction along the
line of sight has similarly been assumed to be consis-
tent with low-z CCSN observations, with �V = 0.187. If
we instead adopt an exponential distribution from more
theoretical treatment of extinction, i.e., the MCMC pre-
dictions from Riello & Patat (2005) on the randomized
extinction of events in spiral galaxies at di↵erent viewing
angles (and setting �V = 0.128), it would result in rates
reduced by up to 20%, as shown in Table 3. Our ap-

proach to estimating the host extinction in the synthetic
rest frame of the observed filter by scaling from the AV
using the Calzetti Law means that changes to the extinc-
tion law, in RV to within ±2, has a negligible e↵ect on
rate values.
However, nature could be hiding a large fraction of

CCSNe from us. By virtue of being tied to star-forming
regions, CCSNe are also likely to occur in the dusti-
est regions of galaxies. The strongest star-bursting
galaxies, e.g. luminous and ultra-luminous IR galax-
ies (U/LIRGS), which should produce the most CC-
SNe, are also among the dustiest and UV/optically ob-

Supernova Rate
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Moller, Suliga, Tamborra, Denton, JCAP (2018). Nakazato et al., ApJ (2015). Horiouchi et al., MNRAS (2018). Priya and  
Lunardini, JCAP (2017). Beacom, ARNPS (2010).

Characterizing the Supernova Population
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• DSNB detection may happen soon with, e.g., upcoming JUNO and Gd-Super-K project .   
•   

• Independent test of the local supernova rate (~30% precision). 

• Constraints on fraction of failed supernovae. 



 Figures taken from Bloom & Hjorth (2011) and Cano et al. (2017). 

Supernova-GRB Connection
4 J. Hjorth & J.S. Bloom

Fig. 9.1. Discovery of SN 1998bw associated with GRB980425. The upper panels
show the images of the host galaxy of GRB980425, before (left) and shortly after
(right) the occurrence of SN 1998bw (Galama et al. 1998). The bottom panel shows
a late HST image of the host galaxy and SN1998w. The 3-step zoom-in shows
SN1998bw 778 days after the explosion embedded in a large star-forming region of
a spiral arm (Fynbo et al. 2000).

times more energy than in a typical (1051 erg) SN. We caution here that the
term “hypernova” is a theory-laden classification pertaining to energetics; it
is entirely possible to have a core-collapse SN with large expansion velocity
(⇠> 20, 000 km s�1) yet typical (1051 erg) energy coupled to the ejecta.
No traditional optical afterglow (as seen in most other GRBs; see Chap-

ters 4–6) was detected. Moreover, the comparatively low energy output of
GRB980425 (see e.g., Kaneko et al. 2007) and its low redshift were consid-
ered as pointing to a di↵erent class of GRB (Kulkarni et al. 1998, Bloom
et al. 1998), not necessarily of the same progenitor origin as the truly cosmo-
logical GRBs (loosely defined as having a significant redshift, a high energy

SN 1998bw/GRB 980425

Limitations: 

• Follow-up of SN-GRB biased towards low-z events. 

• Several SN-GRB are low-luminosity GRBs that may not represent the GRB population. 

• Systematic surveys begin to allow statistical studies (e.g. GTC GRB-SN program).
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Figure 4: An example decomposition of the optical (R-band) light curve of GRB 090618 [25].
Left: For a given GRB-SN event, the single-filter monochromatic flux is attributed as arising from
three sources: the AG, the SN, and a constant source of flux from the host galaxy. Middle: Once
the observations have been dereddened, the host flux is removed, either via the image-subtraction
technique or mathematically subtracted away. At this point a mathematical model composed of
one or more power-laws punctuated by break-times are fit to the early light curve to determine the
temporal behaviour of the AG. Right: One the AG model has been determined, it is subtracted
from the observations leaving just light from the SN.

di↵erent sight-lines through the Milky Way (MW) [20, 21], and extinction local to the event itself
[22, 23, 24, 25, 26], in a given filter needs to be modelled and quantified. The host contribution can
be considered either by removing it via the image-subtraction technique [27, 28, 29], subtracting the
host flux mathematically [30, 31, 32], or by including it as an additional component in the fitting
routine [33, 34, 35, 36]. The AG component is modelled using either a single or a set of broken
power-laws (SPL/BPL; [37]). This phenomenological approach is rooted in theory however, as
standard GRB theory states that the light powering the AG is synchrotron in origin, and therefore
follows a power-law behaviour in both time and frequency (f⌫ / (t�t0)�↵⌫�� , where the respective
decay and energy spectral indices are ↵ and �).

Once the SN LC has been obtained, traditionally it is compared to a template supernova,
i.e. SN 1998bw, where the relative brightness (k) and width (also known as a stretch factor,
s) are determined. Such an approach has been used extensively over the years [17, 25, 31, 32,
33, 34, 38, 39, 40, 41, 42, 43]. Another approach to determining the SN’s properties is to fit a
phenomenological model to the resultant SN LC [25, 42, 43, 44], such as the Bazin function [45],
in order to determine the magnitude/flux at peak SN light, the time it takes to rise and fade from
peak, and the width of the LC, such as the �m15 parameter (in a given filter, the amount a SN
fades in magnitudes from peak light to 15 days later). All published values of these observables
are presented in Table 3.

2.2 Spectroscopic Properties

Optical and NIR spectra have been obtained for more than a dozen GRB-SNe, of varying levels
of quality due to their large cosmological distances. Those of the highest quality show broad
observation lines of O i, Ca ii, Si ii and Fe ii near maximum light. The line velocities of two specific
transitions (Si ii �6355 and Fe ii �5169; Fig. 6) indicate that near maximum light the ejecta that
contains these elements move at velocities of order 20, 000�40, 000 km s�1 (Fe ii �5169) and about
15, 000 � 25, 000 km s�1 (Si ii �6355). The weighted mean absorption velocities at peak V -band
light of a sample of SNe IcBL that included GRB-SNe were found to be 23, 800 ± 9500 km s�1

(Fe ii �5169) by [46] (see as well Table 3). SNe IcBL (including and excluding GRB-SNe) have Fe
ii �5169 widths that are ⇠ 9, 000 km s�1 broader than SNe Ic, while GRB-SNe appear to be, on
average, about ⇠ 6, 000 km s�1 more rapid than SNe IcBL at peak light [46]. Si ii �6355 appears

5



Exploring the Supernova-GRB Connection
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Denton & Tamborra, ApJ (2018). Denton & Tamborra, JCAP (2018). Esmaili & Murase, JCAP (2018). 
Tamborra & Ando, PRD (2016).  Senno et al., PRD (2015). Meszaros & Waxman, PRL (2001). Levan et al., ApJ (2014).

IceCube data can already constrain: 

• The fraction of SNe harboring jets  

• The fraction of choked jets  
(compatible with EM observations).
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FIG. 15. The UHECR nuclei spectrum and distribution of
hXmaxi and �(Xmax) calculated from the model Si-R 2 with
power-law injection spectrum. The maximum acceleration
energy is ZE0

p,max = 1018.7ZL�iso,47
1/2 eV, spectral index is

sesc = 0.5, and �E = 0.06.

V. CONNECTION TO THE ICECUBE
NEUTRINOS

Murase et al. [44] suggested that LL GRBs can be
the dominant sources of IceCube’s neutrinos (see also
[105, 106]). Interestingly, one of the predictions for a
low Lorentz factor of � = 5 is compatible with the Ice-
Cube data above ⇠ 0.1 PeV [54], and the medium-energy

FIG. 16. Same as Fig. 12 but with HL GRB contribution
added. The maximum acceleration energy is ZE0

p,max =

1018.2ZL�iso,47
1/2 eV and �E = 0.14.

neutrinos could be explained by their choked jet contri-
bution that can be more abundant [54]. The di↵use neu-
trino flux from high-energy nuclei can be estimated using

Zhang et al., PRD (2018). Murase & Zhang, arXiv: 1812.10289. Horiouchi et al., ApJ (2018). Moller, Denton, Tamborra, arXiv: 
1809.04866. Tamborra & Ando, JCAP (2015). 

• Supernova nucleosynthesis affects nuclear composition of jets and multi-messenger signals. 

• UHE cosmic rays may come from low-luminosity GRBs and engine-driven supernovae. 

• Ultra high energy neutrinos likely detectable by next generation experiments.

8

FIG. 7. Constraints on the isotropic equivalent radiation lu-
minosity L�iso and Lorentz factor � for nuclei with various
chemical species with energy EA = 1020 eV to survive in the
internal shock region. The upper panel corresponds to the en-
ergy loss time scales and the lower panel corresponds to the
interaction time scales. We assume the radius where internal
shock taking place is R ' 1.2⇥1015 cm and the break energy
of prompt emission is "b = 500 eV in the jet comving frame.

of UHECR nuclei ejected from GRBs does not need to
be equal to the acceleration spectrum (see, e.g., [30] for
the case of tidal disruption events). In fact, a harder
injection spectrum is achieved if we take into account es-
cape processes, such as the simple direct escape model
from the emission region (that is mainly the down-
stream) [22, 30, 90, 91] and the neutron escape model
(e.g., [92, 93]). Here we consider the di↵usive shock
acceleration, in which particle escape from the escape
boundary in the upstream has been theoretically calcu-
lated and it has been applied to supernova remnants and
radio galaxies [85, 94–97]. In the escape-limited model,
only cosmic rays whose energy is close to the maximum
acceleration energy can escape from the sources, and the
spectrum of escaping particles at given time is essentially
approximated by a delta function. In this work, for sim-

FIG. 8. The GRB luminosity function used in this work. The
parameters for LL GRBs are LLL

min = 1046 erg s�1, LLL
max =

1049 erg s�1, LLL
b = 1047 erg s�1, ↵LL

1 = 0.0, ↵HL
2 = 3.5, and

the parameters for HL GRBs are LHL
min = 1049 erg s�1, LHL

max =
1054 erg s�1, LHL

b = 1052.35 erg s�1, ↵HL
1 = 0.65, ↵HL

2 = 2.3
[39]. Schematically we indicate that the UHECRs in LL GRBs
have a composition dominated by nuclei, while HL GRBs are
likely to have a proton-rich or mixed composition.

plicity, we extrapolate the results of the non-relativistic
di↵usive shock acceleration theory, where we use the fol-
lowing expression for the spectrum of escaping cosmic
rays with sacc = 2 as the injection spectrum of UHECRs,

dN
A

0

dE0 = f
A

0N0exp


�ln2

✓
E0

ZE0
p,max

◆�
, (7)

where f
A

0 is the number fraction of nuclei with mass
number A0, N0 is the normalization parameter which de-
pends on the radiation luminosity and ZE0

p,max is the
CR maximum acceleration energy. Note that the instan-
taneous spectrum of CRs escaping from the sources does
not have to be a power-law function that is used in most
of the previous works. However, for the completeness,
we also considered cases with power-law spectra, and we
find that the Auger data can also be well fitted by a
hard power-law spectral index. See the next section for
details. Note that in this work we do not specify the
UHECR acceleration site, which can be internal shocks
or an external (reverse) shock. The external shock model
naturally provides an interesting possibility to explain
the PeV neutrino flux simultaneously.

IV. PROPAGATION AND RESULTS

A. Propagation

We numerically propagate UHECR nuclei using the
publicly available Monte Carlo code CRPropa 3 [57]. CR-
Propa is one of the state-of-the-art numerical simulation

Supernova Aftermath



Conclusions

• Multi-messenger observations of supernovae are possible. 

• Multi-messenger methods are powerful to unravel the source properties.   

• Neutrinos are unique probes of the source physics. 

• Excellent opportunities for exploring nearby supernovae with next generation facilities.
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Blegdamsvej 17, 2100 København

"Neutrino Quantum Kinetics in Dense Environments" aims to bring together an international group of
students, postdocs and senior scientists with expertise in the subject of neutrino quantum kinetics in
neutrino-dense environments such as the early universe, core-collapse supernovae and compact
binary mergers. 

The workshop will be held in an informal setting to facilitate exchange of ideas and new
collaborations in this rapidly evolving subject. Discussions will be centered around the role of non-
equilibrium evolution of neutrinos in the context of energy transport, quantum effects,
nucleosynthesis, and their phenomenological implications.

The workshop is jointly organized by Niels Bohr International Academy and Los Alamos National
Laboratory.  
 
Organizers
Mark Paris (Los Alamos National Laboratory)
Shanshank Shalgar (NBIA & DARK, Niels Bohr Institute)
Irene Tamborra (NBIA & DARK, Niels Bohr Institute)

The call for abstracts is open
You can submit an abstract for reviewing. Submit new abstract

Contact

 shashank.shalgar@nbi.k…

 jane.elvekjaer@nbi.ku.dk

NBIA-LANL Neutrino Quantum Kinetics in Dense Environments

26-30 August 2019
Niels Bohr Institute
Europe/Copenhagen timezone
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