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The Nearest Object: Our Sun

 Image credits: Borexino Collaboration, Nature (2018). Ng et al., PRD (2016). Fermi-LAT, ApJ (2011).
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sensitive to gamma rays down to 10MeV, extracting the
solar-disk signal is di�cult due to the broad PSF. Future
missions such as PANGU [70] and ComPair [71] can pro-
vide improved sensitivity in the MeV range. Low-energy
observations could provide additional information on the
time variation and probe potential leptonic components
or even new solar-disk gamma-ray emission mechanisms.

E. Prospects for Ground-Based Telescopes

To expand solar gamma-ray observations into the TeV
range and beyond, large ground-based experiments are
required. It is impossible for air-Cherenkov telescopes
to observe the Sun due the bright optical emission from
the Sun itself. The Sun, therefore, is a unique tar-
get for water-Cherenkov telescopes such as HAWC and
LHAASO.

To assess whether water-Cherenkov telescopes can de-
tect the Sun, we consider the total solar gamma-ray flux,
including both the solar-disk and IC components. We
estimate this flux by finding the total flux within 1.5�

of the Sun and subtracting the di↵use background. In
this case, the Sun is detected at > 5� in all eight en-
ergy bins. Assuming a single power-law spectrum, the
total solar gamma-ray flux can roughly be described by
3.5⇥ 10�8(E/GeV)�2.3 GeV�1 cm�2 s�1 in 1–100GeV.

Figure 7 shows the total solar gamma-ray flux, the
solar-disk-only component from Fermi2011, the solar-
disk-only component found in this work, and the dif-
fuse background within 1.5� of the Sun. The total solar
gamma-ray flux is clearly much larger than the di↵use
background. For comparison, we show also the sensitiv-
ity of HAWC [72] and LHAASO [73, 74]. If the total
solar gamma-ray flux follows the same spectral index to
the TeV range, both HAWC and LHAASO should be
able to detect the Sun.

The water-Cherenkov telescopes are in a unique posi-
tion to probe solar gamma rays. In particular, they are
sensitive to the Ep ⇠ Ec and Ep � Ec regimes. Either
a detection or an upper limit from the water-Cherenkov
telescopes can provide valuable information on gamma-
ray production from the Sun.

IV. CONCLUSIONS

Despite being the nearest star to us, much about the
Sun’s gamma-ray emission is still poorly understood.
Previous study by the Fermi collaboration, who used 1.5
years of data, precisely detected the solar-disk gamma
rays in 0.1–10GeV. However, the flux is about ten times
brighter than predicted. Motivated by this puzzle, we
focus on the solar-disk component, and use 6 years of
public Fermi data to gain a better understanding of these
gamma rays. We employ a straightforward and conserva-
tive analysis to search for new features in the gamma-ray
flux.

FIG. 7. Energy spectrum of gamma rays from the Sun.
Blue squares are the total solar gamma-ray flux (solar disk
+ IC) within 1.5� of the Sun with only statistical error bars.
Black dots are the solar-disk-only component from Fermi2011.
The grey band shows the solar-disk-only component found in
this work. Green circles are the estimated di↵use background
within 1.5� of the Sun. The di↵erential point-source sensitiv-
ities for HAWC [72] and LHAASO [73, 74] are shown.

Utilizing the improved photon statistics, we extend the
observations to 100GeV. As in Fermi2011, we find that
the gamma-ray flux is higher than the central value of the
SSG1991 prediction by about one order of magnitude in
1–10GeV, modulo time variation. In addition, we detect
the solar-disk component in 10–30GeV at > 5�, and in
30–100GeV at > 2�. This is the first time the Sun is
detected above 10GeV in gamma rays. There are no
theoretical predictions for solar-disk gamma rays in this
energy range. As a result, our observations demand fur-
ther theoretical investigation.
Importantly, we find a significant time variation in the

solar-disk gamma-ray flux over the analysis period, which
apparently anticorrelates with solar activity. This is the
first clear observation of such a time variation, though it
was hinted at in earlier studies [18, 19]. This variation
was not theoretically predicted, and its large amplitude
deserve further investigation. Nonetheless, the anticor-
relation with solar activity indicates that the bulk of the
solar-disk gamma rays can be explained by cosmic-ray
interactions in the solar atmosphere and the gamma-ray
production process is strongly a↵ected by the solar mag-
netic fields.
Future observations with Fermi and other instruments

may provide even more information about gamma rays
from the Sun. For example, the anticorrelation of the
solar-disk gamma-ray flux with solar activity can be fur-

Gamma-rays (Fermi)
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• Optical emission and neutrinos: the Sun is main-sequence star powered by nuclear fusion.  

• Neutrinos: test of stellar structure and oscillation physics. 

• Gamma-rays: probes of solar atmospheric magnetic fields and cosmic-ray physics. 
Gamma-ray emission poorly understood (flux ten times brighter than predicted).
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Core-Collapse SupernovaeStellar Collapse and Supernova Stages
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 Image credits: NASA, ESA.

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

SN 1987a

The Local Supernova

Neutrino events 



The Next Local 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. Adams et al., ApJ (2013). 
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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

• Shock break out arrives mins to hours after neutrino signal.

Individual detectors, e.g.:
• Super-K could release alert within 1 hour of neutrino burst (time, pointing).
• Super-K-Gd project may potentially release alert within 1 sec.
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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 (pointing and triangulation) 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 Hunting



Neutrino Timing for Gravitational Waves
Probe core bounce time with neutrinos. 
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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.

Help timing for gravitational wave detection. 
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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)

Without neutrino timing (S/N~3.5) With neutrino timing (S/N ~7)



Fingerprints of the Explosion Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Andresen et al., MNRAS (2017). Kuroda et al., ApJ (2017). 
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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)

Walk, Tamborra et al., PRD (2018). Walk, Tamborra et al., arXiv: 1901.06235. Andresen et al., arXiv: 1810.07638.
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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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Fingerprints of Supernova Rotation 

Rotation induces high-frequency modulations. 

Neutrinos as supernova gyroscopes. 



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

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

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

Fingerprints of Black Hole Formation
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• 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
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Figure 6. All-flavor fluence of high-energy neutrinos from a
magnetar-powered low-ejecta mass supernova on timescales
ranging from one hour to ⇠50 days after the explosion.
For comparison, the time-integrated upper limit on ⌫µ flux�
E2

⌫ J⌫

�IC
UL

placed by the IceCube Observatory is shown (dot-
ted line), which corresponds to a 1.8� chance coincidence of
neutrino events with the transient AT2018cow in 3.5 days.
In addition, the IceCube sensitivity (90% C. L.) for point
sources at � = 22� is shown as a dashed curve, assuming an
E�2 spectrum over a half decade in energy (Aartsen et al.
2014). The parameters of the magnetar model are: initial
spin period Pi = 10 ms, surface magnetic field Bs = 1015 G
(Case I; top), and Pi = 2 ms, Bs = 2 ⇥ 1015 G (Case II;
bottom).

4.4. Neutrino Fluence of AT2018cow

Figure 6 presents the neutrino fluence in the two fidu-
cial models. In Case I, we show results in time intervals
normalized to the magnetar spin-down time t

sd

(roughly
one day). Neutrino production is low at both early times
t ⌧ t

sd

, when the bulk of the cosmic rays have yet
to be injected, and at late times t

pp

> t
cross,ej

, when
pp interactions become ine�cient. Most neutrinos are
generated around the time t

sd

, when the magnetar re-

Figure 7. Luminosity of neutrinos with energies > 1 TeV
as a function of time since explosion, shown separately for
Case I (blue-solid line) and Case II (red-dashed line). As
indicated by black lines, the light curves approximately obey
L⌫ / t�2 at times t⇡p,0 ⇠< t ⇠< tejp,0, and L⌫ / t�4 at times

t > tejp,0.

leases most of its rotational energy and a su�ciently
dense baryon background still exists for pion production.
The turn-over in the neutrino spectrum is determined at
early times by the break energy E

⌫,b

(eq. 26), while at
late times the break is determined the maximum cos-
mic ray energy E

CR

(eq. 18). The spectral index before
the break is a convolution of the energy distribution of
charged pions from the pp and p� interaction (similar to
that from ⇡p as shown in Figure 5) and the history of
particle injection, as described by equation 19.
The bottom panel of Figure 6 shows our results for

Case II (P
i

= 2 ms, B
d

= 2 ⇥ 1015 G). The spin-down
time in this case is much shorter t

sd

= 0.01 d, whereas
the neutrino break energy exceeds 1 TeV only after times
t = 0.03M1/3

ej,�0.5

��1

ej,�1.3

d. As a result, most cosmic rays
are injected too early to generate neutrinos in the en-
ergy range of interest. As the magnetar releases most
of its energy before the environment becomes optically-
thin, significant TeV-PeV neutrinos are produced in the
first 0.5 day due to the ⇡p interaction. The neutrino
spectrum at the earliest epoch features two peaks; the
low-energy bump is from pion decay, while the tail at
high energies arises from the decay of short-lived mesons
other than ⇡±. After about one day, the ejecta becomes
su�ciently dilute that meson cooling is no longer se-
vere and the neutrino flux becomes maximal when the
suppression is not important. Then, the neutrino spec-
trum comes to resemble that in Case I. This kind of time
evolution of neutrino spectra owing to meson cooling in

• Super-luminous transient with low ejecta mass. Extensive multi-wavelength analysis. 
• First direct evidence for a central engine (time-variable X-ray emission). 
• Fortuitous coincidence of neutrino events.

Perley et al., MNRAS (2019). Margutti et al., ApJ (2019). Fang et al., arXiv: 1812.11673.

A Fast High-Luminosity Transient (AT2018cow)

4 Perley et al.

Figure 1. Pre-explosion imaging of AT2018cow from the Sloan Digital Sky Survey compared to imaging with the Liverpool Telescope
taken shortly after peak and deep later-time imaging from the William Herschel Telescope. The transient is significantly brighter than
its host galaxy at peak. The galaxy itself shows a barred morphology and weak spiral features, one of which underlies the transient. A
point-source located at the galaxy nucleus is likely to be a weak AGN, while a fainter compact source slightly southeast of the transient
is likely an H II region. No point source lies under the transient itself (position designated by a green circle in left panel), and there are
no obvious merger indicators.
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Figure 2. Multi-band light curves of the ultraviolet, optical, and near-infrared transient AT2018cow. Small offsets have been applied
to the filters for clarity (shown at left). The offsets for the R, I , and U bands, and of the Swift optical filters, have been chosen to
align them with the closest optical bands. Only the earliest ZTF and ATLAS observations show a rise: from the first epoch of follow-up
the transient fades monotonically with time and experiences no subsequent rise in any band, except for short-lived 1–2 day flares in
the near-IR. The coloured curves show a non-parametric interpolation of the observed points in each filter. The line segments on the
rise show a simple linear interpolation or the early transient based on available ATLAS, ZTF, and ASAS-SN data assuming no colour
evolution. Circles show our ground-based data, diamonds show space-based data, and squares indicate photometric measurements from
the literature. Arrows on error bars indicate marginal (< 2σ) UVOT detections.

MNRAS 000, 000–000 (2018)

AT2018cow-like transients are good targets for 
multi-messenger observatories.



Gamma-Ray Bursts

Image credit: Gomboc, Contemp. Phys. (2012).



 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



IceCube data can already constrain: 

• The fraction of SNe harboring jets  

• The fraction of choked jets  
(compatible with EM observations).

Supernova-GRB Connection
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Neutrinos may be the only particles 
successfully escaping the stellar envelope.

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).
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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

Messengers from Gamma-Ray Bursts

Tamborra & Ando, JCAP (2015). Zhang et al., PRD (2018). IceCube Coll., ApJ (2017). Liu&Wang (2013), Razzaque & Yang 
(2015). Denton & Tamborra, JCAP (2018).

• GRBs are systematically observed with photons. 

• Neutrinos not yet detected (over ~1200 GRBs).  
No tension with theoretical models. 

• UHE cosmic rays may come from low-luminosity GRBs. 
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Figure 6. Predicted E2
νF

νµ(Eν) for a typical HL-GRB (L̃iso = 1052 erg s−1), LL-GRB (L̃iso =
1048 erg s−1), and sGRB (L̃iso = 1051 erg s−1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse neutrino background from
GRB fireballs. We first discuss the expected neutrino background within the canonical model
in terms of the astrophysical uncertainties on the local GRB rates and luminosity functions
(see Table 1), then we study the dependence of the high-energy diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

! zmax

zmin

dz

! L̃max

L̃min

dL̃iso
c

4πH0Γ

1
"

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

#

dNνµ

dE′
ν

$

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ∈ [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as ϵe, ϵB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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Neutrino fluence
UHE cosmic rays from LL-GRBs?
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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
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Multi-Messenger Fingerprints of Mergers

First joint detection of gravitational and electromagnetic radiation (GW170817 & GRB170817A).

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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  Figures taken from: Metzger & Fernandez, MNRAS (2014); Kasen et al., Nature 2017.
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tromagnetic (EM) signals that inform physical processes at work
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dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).
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physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.
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Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
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What About Neutrinos?

Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD (2017). Kyutoku & Kashiyama, PRD (2018).

• Poor detection chances of MeV neutrinos from compact binary mergers. 

•Neutrino may play an “indirect” major role in element production around the polar region. 

• Possible implications for blue kilonova component.
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Biehl, Heinze, Winter, MNRAS (2018). Tamborra & Ando, JCAP (2015). Fang & Metzger, ApJ (2017). Kimura et al., ApJ (2017).

Neutrinos from GRB 170817A

•Poor detection chances from prompt GRB phase. 
•Copious neutrino production from long-lived ms magnetar following the merger. 
•Extended emission leads to efficient neutrino production. 

• Favorable detection opportunities with multi-messenger triggers.
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3.3. Interaction Rates of Pions and Muons

Figure 3. Lifetime of pions (thick lines) and muons (thin
lines) in the lab frame (solid black), compared to their char-
acteristic cooling time due to hadronuclear interaction with
the ejecta baryons (dotted brown; equation 33) and syn-
chrotron radiation in the nebula (dash-dotted green; equa-
tion 34).

Charged mesons created by photopion and hadronu-
clear interactions decay into neutrinos via ⇡± ! µ± +
⌫
µ

(⌫̄
µ

) ! e± + ⌫
e

(⌫̄
e

) + ⌫
µ

+ ⌫̄
µ

. The neutrino produc-
tion competes with the radiative and hadronic cooling
of the mesons and muons. The latter occur at a rate

t�1

x, c

= t�1

xp

+ t�1

x,rad

, (32)

where x denotes either ⇡ or µ,

t
xp

= (n
p

�
xp


xp

c)�1 (33)

is the hadronic cooling rate due to interaction with the
ejecta baryons, and

t
x, rad

=
3m4

x

c3

4�
T

m2

e

E
x

u
B

(34)

is the energy loss time due to synchrotron radiation. The
relevant time scales for pions and muons are shown in
Fig. 3. Synchrotron emission dominates the energy loss
until ⇠ 105.5 s for pions and ⇠ 106 s for muons.
These cooling processes can be accounted for by in-

troducing a second suppression factor on the neutrino
production rate of the form,

fx

sup

= min

✓
1,

t
x,c

�
x

⌧
x

◆
(35)

This quantifies the fact that neutrinos are e�ciently pro-
duced only if the decay time of a pion or muon is shorter
than its cooling time.
The suppression factor can be estimated analytically

as

f⇡
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=0.3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(36)

fµ

sup

=1.5⇥ 10�3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(37)

where �
⇡p

= 5⇥10�26 cm2, 
⇡p

⇠ 0.8, ⌧
⇡

= 2.6⇥10�8 s,
�
µp

= 2⇥ 10�28 cm2, ⌧
µ

= 2.2⇥ 10�6 s (Eidelman et al.
2004), and taking E

⇡

⇠ 0.2E
p

as the average ratio of
pion energy to its parent proton energy in photopion
production. Because the mean lifetime of a muon ex-
ceeds that of a pion by a factor of ⇠100, muons almost
immediately experience radiative cooling before decay-
ing into secondary neutrinos.

4. NEUTRINO PRODUCTION

4.1. Individual sources

Figure 4. All-flavor fluence of high-energy neutrinos from
a stable millisecond magnetar on timescales from an hour
to a year (solid lines) after the merger. The fiducial mag-
netar model assumes an initial spin period Pi = 1 ms,
surface dipole magnetic field B = 1014 G, ejecta mass
M

ej

= 0.01M�, and source distance D = 10 Mpc. The
black dash-dotted line indicates the 90% sensitivity of Ice-
Cube for a time-integrated search of point-like sources with
one year of operation (Aartsen et al. 2017) (which is compa-
rable to its time-dependent sensitivity for a transient source
with week-long duration; Aartsen et al. 2015). The grey
dashed line shows the estimated point-source sensitivity of
ARA (Ara Collaboration et al. 2012) (or ARIANNA; Bar-
wick et al. 2015) from an one-year time-integrated search.

Neutrino production is delayed until charged pions
are both produced e�ciently and avoid being cooled ra-
diatively before decaying. The former occurs first, af-
ter the pion production rate exceeds the proton cooling
timescale once tp

sup, 0

⌘ t (t
p, rad

= t
⇡, cre

). However, ra-
diative cooling of the pions prevents neutrino production
until somewhat later, once t⇡

sup, 0

⌘ t (t
⇡, rad

= �
⇡

⌧
⇡

).
At yet later times, muons obey the same decay timescale
condition and thus also contribute to neutrino produc-



Conclusions

• Multi-messenger observations of nearby objects are now possible. 

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

• Neutrinos are unique probes of the source physics. 

• Excellent opportunities for exploring nearby objects with next generation facilities.



Thank you for your attention!




