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Why Transients?
1. Pointing & timing → reducing atmospheric backgrounds
2. Dominant sources ≠ brightest sources
3. Still viable as the dominant origin
4. Flares/bursts → more target gs → enhanced n production
→ Good opportunities to find rare bright transients even now

IceCube 2018 Science 



Diversity of High-Energy Transients

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)



Neutrinos: Unique Probe of Cosmic Explosions

~10 MeV neutrinos from supernova
thermal: core’s grav. binding energy 
- supernova explosion mechanism
- progenitor
- neutrino properties, new physics 
Super-K detect ~8,000 n at ~10 MeV (at 8.5 kpc)

GeV-PeV neutrinos from supernova?
non-thermal: shock dissipation 
- physics of cosmic-ray acceleration
- progenitor & mass-loss mechanism
- neutrino properties, new physics
IceCube/KM3Net detect ??? n at TeV



Diffusive Shock Acceleration in Supernovae?

• Young supernova “remnants”: 
believed to be responsible for CRs up to the knee region
diffusive shock (Fermi) acceleration

• Naively, early CR and HE neutrino production are negligible
most of energy is in a kinetic form until the Sedov time
ex. uniform ISM: CR energy ∝ dissipation energy ∝ t3

• But situations are different   
when circumstellar material (CSM) exists

supernova remnant (Cas A)

2 K. Murase et al.

CSM. For a range of CSM parameters (mass and shock
dissipation radius), the shock is radiation-mediated — the
Thomson optical depth is larger than c/Vs (Weaver 1976;
Katz et al. 2010), where Vs is the shock velocity — and
efficient CR acceleration is not expected because the CR
collisionless mean free path is much shorter than the de-
celeration length. However, as the shock propagates in the
CSM, photons can stream out ahead of the shock, and pho-
ton energy can no longer support the shock (i.e., shock
breakout). After the breakout, for wind-like CSM pro-
files, the shock will become collisonless and CR accelera-
tion can be efficient (Murase et al. 2011; Katz et al. 2011;
Kashiyama et al. 2013). Recently, Murase et al. (2011) con-
sidered a collision between the SN ejecta with a CSM shell
and found that CR protons may be accelerated, and further-
more that the protons may experience strong pionic losses
via inelastic pp collisions, producing gamma-rays and neu-
trinos. Thus, interaction-powered SNe may be interesting
CR accelerators and high-energy/multi-messenger emitters.
In this work, we continue our study of the possibility of the
non-thermal emission from the shock interaction of a SN em-
bedded in a dense CSM. In particular, we focus on the sec-
ondary electrons and positrons expected from the same pp
collisions that give rise to neutrinos and gamma rays. Impor-
tantly, we show that these secondaries can emit detectable
synchrotron radiation at high-frequency radio wavelengths
including mm/submm and FIR bands.

In Section 2, we review the shock physics and the po-
tential for CR acceleration in interaction-powered SNe, pro-
viding a much more detailed discussion than Murase et al.
(2011). Section 3 gives a brief discussion of the high-energy
emission expected, and recipes that connect the observed
optical emission to the non-thermal signatures are provided
in Appendix A. In Section 4 we discuss high-frequency ra-
dio diagnostics. For a range of CSM parameters, we show
that secondary leptons from pp interactions should radi-
ate synchrotron at ∼ 3 − 3000 GHz, and with fluxes of
∼ 0.01−0.1 mJy at distances of hundreds of Mpc. In Section
5, we summarize our results.

Throughout this work, we use the notation Q = Qx10
x

in CGS unit unless we give notice.

2 BASIC SETUP

In this preparatory section, before we discuss non-thermal
signatures, we explain the picture of interaction-powered
SNe and describe the basic physical setup.

Let us consider SN ejecta with the kinetic energy Eej

and the velocity Vej. Noting Eej = MejV 2
ej/2 for the ejecta

mass Mej, the momentum and energy conservation laws give

MejVej +McsVcs = (Mej +Mcs)V (1)
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Figure 1. The schematic picture of the interaction-powered SN
scenario.

velocity. The total dissipated energy Ed is written as

Ed =
Mcs

Mej +Mcs

1
2
Mej(Vej − Vcs)

2

≈ Mcs

Mej +Mcs
Eej, (3)

where Vej $ Vcs is used in the last equality. The above
equation suggests that a significant fraction of Eej can
be dissipated if the CSM mass is large (see also, e.g.,
van Marle et al. 2010; Moriya et al. 2013b). Density profiles
of both the ejecta and CSM are important for detailed pre-
dictions. For example, when the density profile of the ejecta
is steep enough and most of its energy is carried by lower-
velocity ejecta material, the explosion has driven waves that
can be described by Chevalier-Nadezhin self-similar solu-
tions (Chevalier 1982a). When the shock wave sweeps up
ambient mass comparable to Mej and it is non-radiative, we
expect blast waves that can be described by Sedov-Taylor-
like self-similar solutions (see Truelove & McKee 1999, and
references therein). In this work, to push the basic idea and
avoid uncertainty in the ejecta profile and many other com-
plications due to radiation processes, we discuss non-thermal
properties without relying on such details. Our treatment
still provides an order of magnitude estimate of expected
non-thermal signals, and a more detailed study will be pre-
sented in an accompanying paper (Murase et al. 2014).

Hereafter, we assume that the CSM has a wind-like
power-law density profile and extends to the edge radius of
the wind, Rw. We expect that this is reasonable (see, e.g.,
Ofek et al. 2014), although details are uncertain due to poor
understandings of the CSM eruption mechanism. Then, the
CSM density is written as

!cs = DR−2
0
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R
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)−s

% 5.0× 1016 D∗R
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g cm−3

(4)
where R should be expressed in cm, R0 = 1015 cm, and D∗
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Figure 2. Selected visible-light spectra of SN 2010jl. The number near each
spectrum marks its age in days (see Table 2). The last spectrum taken on day
978 may be contaminated by emission from the underlying star-forming region.
(A color version of this figure is available in the online journal.)
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Figure 3. Temperature and radius of a blackbody that best fits the visible-light
spectroscopic observations as a function of time. Before fitting the spectra, we
corrected the flux normalization by comparing the spectra synthetic photometry
with the PTF R-band magnitudes. We also removed the prominent emission
lines and the Balmer discontinuity. We note that because of additional metal-
line blanketing, this estimate is likely a lower limit on the actual temperature.
The gray line shows the best-fit power law to the temperature measurements
in the first 390 days. The measurements marked by squares were obtained
clearly after the break in the optical light curve and were not used in the fit of
the temperature as a function of time. These late-time measurements may be
contaminated by the host-galaxy light.

(see also Smith et al. 2012). The Hα profile in the spectra
can be decomposed into a Lorentzian and a Gaussian, where
the Gaussian has a velocity width of σ ≈ 300 km s−1.
Alternatively, the early-time spectra can be decomposed into
three Gaussians, in which the widest Gaussian has velocity
width σ ≈ 4000 km s−1. At late times, about six months
after maximum light, the Hα line develops some asymmetry;
it is discussed by Smith et al. (2012) and attributed to dust
formation. We fitted a blackbody spectrum to the spectroscopic
measurements as a function of time, and the derived blackbody
temperatures and radii are shown in Figure 3.

Figure 4. Temperature and radius of a blackbody that best fits the Swift-UVOT
observations as a function of time. Observations made more than 500 days after
maximum light are excluded, as they are significantly affected by the host-
galaxy light and we do not yet have a reference image of the host. The gray line
shows a power law fitted to the temperature data.

2.3. Swift-UVOT

The Ultra-Violet/Optical Telescope (UVOT; Roming et al.
2005) on board the Swift satellite (Gehrels et al. 2004) observed
SN 2010jl on several occasions. The data were reduced using
standard procedures (e.g., Brown et al. 2009). Flux from the
transient was extracted from a 3′′ radius aperture, with a
correction applied to put the photometry on the standard UVOT
system (Poole et al. 2008). The resulting measurements, all
of which have been converted to the AB system, are listed in
Table 1 and are shown in Figure 1. We caution that these results
have not incorporated any contribution from the underlying host
galaxy and may therefore overestimate the SN flux at late times.
Specifically, the UVOT measurements in Figure 1 near 900 days
are heavily contaminated by an underlying star-forming region
in the host galaxy.

We fitted a blackbody spectrum to the UVOT measurements
as a function of time, and the results are shown in Figure 4.
In the fits we corrected the flux measurements for Galactic
extinction, assuming EB−V = 0.027 mag (Schlegel et al.
1998) and RV = 3.08 (Cardelli et al. 1989). We note that
we also tried to fit the blackbody spectrum with EB−V as a
free parameter and verified that the best fit is obtained near
the Schlegel et al. (1998) value for EB−V . The Swift-derived
blackbody temperature shows some indications that it is rising
in the first ∼200 days after maximum light. However, we caution
that deviations from a blackbody caused by spectral lines that
are not dealt with in the broadband observations, as well as
deviations from a blackbody spectrum (see Section 5.2) and
metal-line blanketing, can affect the derived temperature and
radius. Therefore, we argue that the quoted temperatures are
likely only a lower limit on the effective temperatures.

These temperature measurements differ from those obtained
using the spectroscopic observations (Section 2.3). However,
due to metal-line blanketing and given that the spectral peak is
too blue to be probed by visible-light spectra, we consider both
the spectroscopic and UVOT observations to be lower limits
on the temperature. The temperature evolution based on the
visible-light spectra is opposite to that based on the UVOT
observations. However, both evolutions seen in Figures 3 and 4
are very moderate. In Section 5.1 we investigate the effect of
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FIG. 10.— This plot summarizes the key and unique observational features of SN 2014C over the electromagnetic spectrum. Central Panel: X-ray (red stars)
and radio (7.1 GHz, blue stars) evolution of SN 2014C compared to a sample of Ibc SNe from Margutti et al. (2014b) and Soderberg et al. (2010). SN 2014C
shows an uncommon, steady increase in X-ray and radio luminosities until late times, a signature of the continued shock interaction with very dense material
in the environment. Upper panels: The optical bolometric luminosity of SN 2014C is well explained at early times by a model where the source of energy is
purely provided by the radioactive decay of 56Ni (grey thick line, top left panel). However, at later times (top right panel) SN 2014C shows a significantly flatter
temporal decay, due to the contribution of more efficient conversion of shock kinetic energy into radiation. This evolution is accompanied by a marked increase
of H↵ emission (Lower Panels), as a consequence of the SN shock interaction with H-rich material. See M15 and K15 for details about the spectroscopical
metamorphosis and the radio evolution, respectively.

Evidence of Strong Interactions w. Dense CSM

Margutti et al. 16SN 2014C (Ib->IIn)SN 2010jl (IIn)

IIn, SLSN-II: strong interactions w. dense wind or CSM (Mcs~0.1-10 Msun)

Ofek+14 ApJ

The Astrophysical Journal, 797:118 (40pp), 2014 December 20 Fransson et al.
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Figure 5. Blackbody temperature, radius, and luminosity for the dust component
and radius and effective temperature for the SN component for the epochs in
Figure 4.
(A color version of this figure is available in the online journal.)

At epochs earlier than ∼400 days, the dust temperature
is constant within errors at ∼1850 ± 200 K and then slowly
decays to ∼1400 K at 850 days. The blackbody radius is
∼(1–2) × 1016 cm for the first ∼300 days and then slowly
increases to ∼3 × 1016 cm at the last observation. The dust
luminosities we obtain for the first epochs are lower than the
NIR luminosities in Figure 3. The reason for this, as can be seen
in Figure 4, is that the photospheric contribution dominates the
J, H, and K bands for these epochs. At epochs later than the
day 465 observation, the opposite is true, which is a result of
including the total dust emission from the blackbody fit and not
only the NIR bands.

Already at ∼90 days, Andrews et al. (2011) found from NIR
and Spitzer observations an IR excess due to warm dust, but
with a lower temperature of ∼750 K than we find. Andrews
et al., however, only include the Spitzer fluxes to the dust
component, while we also include the J, H, and K bands in
this component, which explains our higher dust temperatures.
We note that Andrews et al. (2011) underestimate the K-band
flux in their SED fit.

Using the SED fitting, we can improve on the bolometric
light curve by separating the SN and dust contributions of
the IR flux to the bolometric luminosity and add this to the
BVri contribution in Figure 3. Based on the UV flux at the
epochs with HST observations, we multiply this by a factor
of 1.25 (Section 3.2). In this way we arrive at the bolometric
light curve from the SN ejecta alone in Figure 6, now shown
in a log–log plot. From this we see that the bolometric light
curve from the ejecta can be accurately characterized by a
power-law decay from ∼20 to 320 days, given by L(t) ∼
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Figure 6. Bolometric light curve for the SN ejecta, excluding the dust echo.
The dashed lines show power-law fits to the early and late light curves used to
construct the density distribution of the explosion. Note the pronounced break
in the light curve at ∼320 days. The dashed lines give power-law fits to the
luminosity before and after the break (see Section 4.5 for a discussion).
(A color version of this figure is available in the online journal.)

1.75 × 1043(t/100 days)−0.536 erg s−1 and a final steep decay
L(t) = 8.71 × 1042(t/320 days)−3.39 erg s−1 after day 320.

Ofek et al. (2014) estimate the bolometric light curve by
assuming a constant bolometric correction of −0.27 mag to the
R-band photometry. With this assumption, they find a flatter
light curve with L(t) ∝ t−0.36 for the same explosion date as
we use here. The reason for this difference is that the R-band
decays slower than most of the other bands, as can be seen from
Figure 2. The bolometric light curve will therefore be steeper
than the R-band light curve.

The slope depends on the assumed shock breakout date. Ofek
et al. (2014) discuss this based on the light curve and find a likely
range of 15–25 days before I-band maximum, corresponding
to JD 2,455,4692,455,479. Using 2,455,469 instead of our
2,455,479 would change the best-fit luminosity decline to
L(t) ∼ 1.9 × 1043(t/100 days)−0.61 erg s−1.

To estimate the total energy output from the SN, we assume
that the bolometric luminosity before our first epoch at 26 days
was constant at the level at 26 days, which is supported by the
early observations by Stoll et al. (2011), shown in Figure 2.
The total energy from the SN (excluding the echo) is then
6.5 × 1050 erg. In addition, there is a contribution from the
EUV as well as X-rays and mid-IR (Section 4.7). Even ignoring
these, we note that the total radiated energy is a large fraction
of the energy of a “normal” core-collapse SN (see Section 4.7).

3.3. Spectroscopic Evolution

Figures 7 and 8 show the SN 2010jl spectral sequence for days
29–847 obtained with FAST at FLWO and with grism 16 at NOT,
respectively. The former have the advantage of showing the full
spectral interval between 3500 and 7200 Å, and the NOT spectra
below 5100 Å have a higher dispersion, showing the narrow line
profiles better.

From our first optical spectra at 29 days to the last at 848 days,
we see surprisingly little change in the lines present (Figure 7).
The main difference is that the continuum is getting substantially
redder with time. This is also apparent from the steep light

10

Fransson+14 ApJ



Evidence for “Confined” CSM around Progenitors

• May be common even for Type II-P SNe
dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for RSG)

• Confined CSM (Rcs <~ 1015 cm): mass ejection or inflation

early spectroscopy
(Yaron+ 16 Nature Phys.)

SN 2013fs

light curve modeling
(Forster+ 18 Nature Astronomy
see also Morozova+ 17 ApJ)

CSM

no CSM



Multimessenger Emission from Interacting SNe

Star

wind/shell wind/shell

ejecta

kinetic energy → thermal + non-thermal via shocks

SN

shocks

dense environments = efficient n emitters (calorimeters)

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ
p+ p→ Nπ + X

KM, Thompson, Lacki & Beacom 11, KM & Thompson & Ofek 14 



primary energy E/eV

15
10

16
10 1710

18
10

)
1

.5
 e

V
-1

 s
-1

 s
r

-2
 /
 (

m
2

.5
 E

d
if

f.
 f

lu
x

 d
J

/d
E

 · 

1510

1610

1710

Akeno (J.Phys.G18(1992)423)
AGASA (ICRC 2003)
HiResI (PRL100(2008)101101)
HiResII (PRL100(2008)101101)
AUGER (arXiv:1107:4809)
AUGER AMIGA infill (ICRC 2011)

EAS-TOP (Astrop.Phys.10(1999)1)
Tibet-III, QGSJET 01 (ApJ678(2008)1165)
GAMMA (ICRC 2011)
IceTop (arXiv:1202.3039v1)
TUNKA-133 (ICRC 2011)
Yakutsk (NewJ.Phys11(2008)065008)
KASCADE-Grande, QGSJET II (Astrop.Phys.36(2012)183)

KASCADE-Grande, all-part., QGSJET II (this work)
KASCADE-Grande, light (p), QGSJET II (this work)
KASCADE-Grande, medium (He+C+Si), QGSJET II (this work)
KASCADE-Grande, heavy (Fe), QGSJET II (this work)

KASCADE, all-part., QGSJET II (see Appendix A)
KASCADE, light (p), QGSJET II (see Appendix A)
KASCADE, medium (He+C+Si), QGSJET II (see Appendix A)
KASCADE, heavy (Fe), QGSJET II (see Appendix A)

Figure 11: The all-particle spectrum obtained in this work based on an unfolding of KASCADE-Grande measurements, and the spectrum obtained in [32] based
on an unfolding of KASCADE measurements (see Appendix A), are compared to spectra determined by other analysis methods of our collaboration [10] or other
experiments (see legend for references). Additionally shown are some elemental spectra representing different mass groups (see legend). The error bars denote
statistical uncertainties, error bands the systematic ones (the latter ones are only shown for the results of this work, as well as for the results obtained by the alternative
analysis methods of our collaboration [10]).

The all-particle spectrum, which suffers in this work from
uncertainties of the contributing elemental spectra and which
is structureless within the given uncertainties, agrees with that
determined in an alternative analysis of the KASCADE-Grande
data [10], where a small break-off at about 80 PeV was found18.
Furthermore, both KASCADE-Grande all-particle spectra are
compatible with the findings of most of the other experiments.
The unfolded energy spectra of light and intermediate pri-

maries are rather featureless in the sensitive energy range.
There are slight indications for a possible recovery of protons at
higher energies, which is, however, statistically not significant.
But, this finding would agree with the one in [31] where a sig-
nificant hardening in the cosmic ray spectrum of light primaries
was observed.
The spectrum of iron exhibits a clear knee-like structure at

about 80 PeV. The position of this structure is consistent with
that of a structure found in spectra of heavy primaries deter-
mined by other analysis methods of the KASCADE-Grande

18In the energy range from 1 PeV to some hundred PeV, this break-off in
the all-particle spectrum is the second one besides the one at about 3 PeV to
5 PeV reported in [32] based on KASCADE data an using also QGSJET-II-02
as interaction model.

data [3]. The energy where this knee-like structure occurs con-
forms to the one where the break-off in the all-particle spec-
trum is observed. Hence, the findings in this work and in [3]
demonstrate the first time experimentally that the heavy knee
exists, and the kink in the all-particle spectrum is presumably
caused by this decrease in the flux of heavy primaries. The
spectral steepening occurs at an energy where the charge de-
pendent knee of iron is expected, if the knee at about 3 PeV to
5 PeV is assumed to be caused by a decrease in the flux of light
primaries (protons and/or helium).
However, there is still uncertainty about whether the ap-

plied interaction models, especially the high energy one
QGSJET-II-02, are valid in all the details. As demonstrated
in [2], it is expected that variations in the interaction models
primarily affect the relative abundances of the primaries, and
hence assign possible structures given in the data to different
mass groups, while the structures themselves are rather model
independent. Although it was shown that the interaction models
used do not seem to exhibit significant weaknesses in describ-
ing the data, more certainty can be expected in the near future,
when man-made particle accelerators like the LHC reach lab-
oratory energies up to some hundred PeV, and hence allow to
optimize the interaction models in an energy range relevant for

11

Cosmic-Ray Origins?
SNe IIn as the origin of CRs above the knee?

knee
2nd knee

Apel et al. 13 APh

Zirakashvili & Ptuskin 16 APh

SN IIn

ankle-like feature 

It seems that we need Galactic sources that
can accelerate CRs beyond the knee



CR Acceleration in Interacting SNe? 
• Quasi-parallel, Bohm limit
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of Lff = 1042 erg s−1. Note that another estimate is possible based
on detailed modelling of radio SNe (e.g. Chevalier 1982b, 1984,
1998), although this work does not focus on such more model-
dependent studies. Most of Type IIn SNe have not been seen by
low-frequency radio observations, but we show that some of them
may be detectable at high-frequency radio wavelengths including
mm/submm and FIR bands (see below).

In Fig. 3, we indicate the above examples by stars for the purpose
of demonstration. Note that their parameters have large uncertainty
so such plots do not have to be very precise. Also, R increases as the
observation time t, so one can ideally draw evolution curves in the
(R, D) plane and (R, Mcs) plane. In addition to the four SNe, we indi-
cate SN 2006jc and 2008iy, which are also likely to be interaction-
powered SNe. For SN 2006jc, we use Mcs ∼ 0.02 M# and
R = 9 × 1015 cm at the X-ray peak time of t ∼ 110 d based on Immler
et al. (2008). For SN 2008iy, we adopt Mcs ∼ 1 M# and R = 1.7 ×
1016 cm at the peak time of t ∼ 400 d from Miller at al. (2010).

2.7 Maximum energy: possible Pevatrons

SN remnants have been largely believed to be the origin of
Galactic CRs up to the knee of 106.5 GeV (see a review Bell 2013,
and references therein). It would also be interesting to consider
interaction-powered SNe as potential accelerators of high-energy
CRs. The maximum energy of accelerated protons, EM

p , is deter-
mined by comparing tacc to the cooling time tcool and dynamical
time tdyn.

If the time-scales of energy losses (including adiabatic losses)
are long enough, the maximum energy is limited by the dynamical
time,

tdyn ≈ R

Vs
& 2.0 × 107 sR16(Vs/5000 km s−1)

−1
. (27)

Then, the maximum energy is (Murase et al. 2011)

EM
p ≈ 3.0 × 107 GeV ε

1/2
B,−2D

1/2
∗ (Vs/5000 km s−1)

2
. (28)

Note that the Larmor radius (rL) of protons is smaller than the
system size (R), where the protons are confined.

At small R and/or large D, the maximum energy is limited by
energy losses. The pp cooling time of protons is expressed as

tpp = 1
κppσppncsc

& 7.4 × 106 s D−1
∗ R2

16, (29)

where κpp ≈ 0.5 is the proton inelasticity. Equating tp−acc and tpp

gives (Murase et al. 2011)

EM
p ≈ 1.1 × 107 GeV ε

1/2
B,−2D

−1/2
∗ R16(Vs/5000 km s−1)

3
. (30)

Before CRs propagate in a galaxy, they need to escape from
the system without significant losses (e.g. Caprioli, Blasi & Am-
ato 2009; Ohira, Murase & Yamazaki 2010; Drury 2011). While
the ejecta interacts with a CSM, CR escape may be limited by the
free escape boundary lesc, which could be determined, e.g. by mag-
netic field amplification processes or wave damping via ion–neutral
collisions (Kulsrud & Cesarsky 1971). By comparing the diffusion
length (1/3)(crL/Vs) (in the Bohm limit) to lesc, we obtain

Emax
p ≈3.0×107 GeV ε

1/2
B,−2D

1/2
∗ (lesc/R)(Vs/5000 km s−1)

2
, (31)

where Emax
p is the maximum energy of escaping protons. If EM

p
is too low for CRs to escape within tdyn, CRs are confined and
their escape is non-trivial. If magnetic fields rapidly decay after the
shock crossing time (as often supposed in gamma-ray bursts), the
condition can be tesc ∼ tdyn < tcool, otherwise it depends on diffusion

Figure 4. The parameter range allowing Emax
p = 1015.5 eV protons in the

(R, D) plane. CR acceleration is possible at τT ! c/Vs and tacc < tpp
and tacc < tdyn are required to achieve EM

p = 1015.5 eV in the acceleration
region. The shaded region suggests the range where we do not expect either
production or escape of 1015.5 eV protons.

and adiabatic losses. As a reasonable condition for CRs not to be
depleted, we here assume lesc ∼ R and τ pp < 1.

In Figs 4 and 5, we show the parameter range allowing Emax
p =

1015.5 eV protons. Parameter space allowing for higher Emax
p is

narrower. If an ejecta–CSM interaction occurs at τ pp ! 1, CRs
are largely depleted. We need Mcs ! Mej to expect Ed ∼ Eej, and
R ! 1016 cm is typically favoured for escaping CRs to avoid signif-
icant pp cooling.

Higher-energy protons can generate pairs via the BH pro-
cess, which occurs at Ephν > mpmec4, i.e. Ep > 4.8 ×
105 GeV (hν/1 eV)−1. Sufficiently high-energy protons may domi-
nantly lose their energies via the BH process, especially in the op-
tically thick regime. For τT ! 1, the number density of thermalized
photons is nph ∼ τTLph/(4πR2ckTph), where Lph is the luminos-
ity of thermalized (re-processed) photons and εph is their energy
fraction. Assuming Lph = εphLkin, the BH cooling time tp − BH ≈
1/(κBHσ BHnphc) becomes

tp−BH & 3.4 × 107 s ε−1
ph µeD

−2
∗

× R3
16(Vs/5000 km s−1)

−3
(kTph/1 eV), (32)

Figure 5. The same as Fig. 4, but for the (R, Mcs) plane, where Mcs has the
solar-mass unit.
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High-Energy Emission from Interacting Supernovae 3

ity, in which the dissipation energy is estimated to1

be McsEej/(Mej + Mcs). However, the realistic SN2

ejecta has a velocity profile and there is a high-velocity3

tail. Alternatively, Murase (2017) considered a time-4

dependent model, using a self-similar solution (Cheva-5

lier 1982; Nadezhin 1985; Moriya et al. 2013). In this6

more detailed model, the dissipated energy is given by7

Eej(> V ) / V 5��, where � is the index of the outer den-8

sity profile and V is the ejecta velocity. Here one should9

keep in mind that the higher-velocity ejecta is more ef-10

ficiently dissipated, which enhances the detectability of11

high-energy emission compared to the simplest model.12

While � = 10 (for a convective envelope) and � = 12 (for13

a radiative envelope) are often assumed (Matzner & Mc-14

Kee 1999), realistic values of � are uncertain for Type15

IIn SNe since it is a↵ected by pre-SN mass losses and16

the CSM may experience prior interactions (van Marle17

et al. 2010). Note that smaller values of � are also indi-18

cated for trans-relativistic SNe that are associated with19

low-luminosity GRBs (Margutti et al. 2014b).20

We consider a SN shock that propagates in the CSM.
For simplicity 3, we assume a CSM density profile of

%cs(R) = DR�w, (1)

where w = 2 corresponds to the wind profile. The target
nucleon density is given by

nN =
D
mH

R�w ⌘ D

mHR2
0

✓
R

R0

◆�w

' 1.8⇥ 109 cm�3 D⇤R
w�2
0,15 R

�w

15 , (2)

where D⇤ = D/(3⇥1015 g cm�1) and R0 is an arbitrary21

radius characterizing the CSM radius.22

As noted, a faster component of the ejecta is deceler-
ated earlier, and the kinetic luminosity that can be used
for dissipation at the forward shock is,

Ls = 2⇡%csR
2
s
V 3
s
' 2.4⇥ 1042 erg s�1 D⇤R

w�2
0,15

⇥R2�w

s,15 (Vs/5000 km s�1)
3
, (3)

where Rs is the shock radius and Vs is the shock ve-23

locity, respectively. The bolometric, thermal radiation24

luminosity (used for thermal SN emission in the optical25

and/or X-ray bands) is expressed as Lrad = ✏radLs.26

The neutrino and gamma-ray emission is governed by
the e↵ective optical depth of inelastic pp interactions,
fpp, which is estimated to be

fpp⇡pp�ppcnN (Rs/Vs)

' 1.6 D⇤R
w�2
0,15 R

1�w

s,15 (Vs/5000 km s�1)
�1

, (4)

3 The CSM profile may not be a simple power law, and the shell-
like structure has often been observed (e.g., Margutti et al. 2017).
In general, we may not apply self-similar solutions to describe the
shock dynamics.

where �pp ⇡ 3⇥ 10�26 cm2 is the inelastic pp cross sec-
tion and pp ⇡ 0.5 is the proton inelasticity, respectively.
Here we have used fpp ⇡ pp�ppc(rscnN )(�Rs/Vs) =
pp�ppcnN (Rs/Vs), where rsc is the shock compression
ratio and �Rs ⇡ Rs/rsc. Since the CR energy density
in the post-shock region is estimated to be ✏p%csV 2

s
/2 =

✏pLs/(4⇡R2
s
Vs), for example, the gamma-ray luminosity

is given by

L� ⇡
1

3
min


Mcs(< R)

mH

pp�ppc
✏pLs

4⇡R2
s
Vs

, ✏pLs

�

⇡ 1

3
min[fpp, 1]✏pLs, (5)

where ✏p is the proton acceleration e�ciency that is ⇠27

0.1 in the DSA theory for quasi-parallel shocks (Caprioli28

& Spitkovsky 2014a). Such a value is also motivated by29

the hypothesis that interacting SNe are responsible for30

the observed CR flux around the knee energy (Murase31

et al. 2014; Sveshnikova 2003).32

The principal parameters are CSM nucleon density
nN , shock radius Rs, and shock velocity Vs, as explained
in Murase et al. (2011). The di↵erential gamma-ray lu-
minosity is estimated to be

E�LE� ⇡
1

3
min[fpp, 1]EpLEp

' 7.9⇥ 1040 erg s�1 min[fpp, 1]

⇥
✓

E�

0.1mpc2

◆2�sp

✏p,�1R�1
p0,1

⇥D⇤R
w�2
0,15 R

2�w

s,15 (Vs/5000 km s�1)
3
, (6)

where sp is the proton spectral index and Rp0 ⇠ 5� 10
is the normalization factor that is given by

EpLEp ⌘ Ep

dLp

dEp

=
✏pLs

Rp0

✓
Ep

mpc2

◆2�sp

. (7)

In this work, we parameterize the magnetic field by
UB ⌘ ✏B(⇢csV 2

s
/2) (where UB is the magnetic energy

density), which leads to

B=(✏B4⇡%csV
2
s
)
1/2

' 9.7 G ✏1/2
B,�2D

1/2
⇤ Rw/2�1

0,15 R�w/2
s,15 (Vs/5000 km s�1),(8)

where ✏B ⇠ 0.001 � 0.01 is assumed (Caprioli &33

Spitkovsky 2014b). Note that the significant amplifi-34

cation of an upstream magnetic field is required, which35

could be realized by CRs themselves via streaming in-36

stabilities. Or, the CSM could also be highly turbulent37

and magnetized, since the violent CSM eruptions may38

also be accompanied by shocks (Murase et al. 2014).39

Secondary electrons and positrons lose their energies
via synchrotron cooling, and their characteristic fre-

KM, Thompson & Ofek 14 MNRAS



Shock Dynamics& Time-Dependent Model

parameters for dynamics: determined by photon (opt, X, radio) observations

Equation of motion

→ self-similar solution before the Sedov-Taylor-like deceleration (Chevalier 82)
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Ẽ⌫ & 5⇥ 10
50

erg

✓
E2

⌫
�⌫

10
�4

erg cm�2

◆✓
D

200 Mpc

◆2

(31)
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Table 1. Volume-limited core-collapse SN fractions

SN Type fraction error

( % ) ( % )

Ic 14.9 +4.2/−3.8
Ib 7.1 +3.1/−2.6
Ibc-pec 4.0 +2.0/−2.4

IIb 10.6 +3.6/−3.1
IIn 8.8 +3.3/−2.9

II-L 6.4 +2.9/−2.5
II-P 48.2 +5.7/−5.6

Ibc (all) 26.0 +5.1/−4.8

Ibc+IIb 36.5 +5.5/−5.4

Core-Collapse SN Fractions

II-P
48.2%

II-L
6.4%

IIb
10.6%

IIn

8.8%

Ibc-pec 4.0%

Ic

14.9%

Ib
7.1%

Ib

7.1%

Figure 1. Relative fractions of CCSN types in a volume-limited
sample from LOSS. This is slightly different from the fractions
quoted in Paper II, in order to better suit the aim of this paper
as explained in the text. The main difference is that we exclude
SNe in highly inclined galaxies because of extinction effects, and
we reorganise the class of SNe Ibc-pec (namely, we moved broad-
lined SNe Ic from the “Ibc-pec” category to the “Ic” group).

2 OBSERVED CCSN FRACTIONS

Figure 1 shows a pie chart illustrating the relative fractions
of different types of CCSNe derived from LOSS. These val-
ues are taken from the volume-limited fractions of all SN
types derived in Paper II, with the thermonuclear (Type Ia)
explosions subtracted from the sample. The relative frac-
tions of the total for CCSNe are listed in Table 1, and these
values are adopted throughout this work. See Paper II for
further details on how these numbers are derived from our
survey. Errors in Table 1 were estimated using a random
Poisson number generator to sample from a list of fake SNe
with fractions corrected for various observing biases, with
106 realizations. Paper II discusses this in more detail.

There are several important points to note here. This
volume-limited sample of CCSNe excludes most of the
so-called “SN impostors” (e.g., Van Dyk 2010; Smith et

al. 2010, in preparation), which appear as relatively faint
SNe IIn that are often discovered by KAIT. If we had in-
cluded them, the fraction of SNe IIn would be significantly
higher; note that even without the SN impostors, however,
our relative fraction of SNe IIn is higher than in previous
studies (Cappellaro et al. 1999; Smartt 2009). The crite-
ria for excluding an individual SN impostor are admittedly
somewhat subjective, but this is a necessary step since the
diversity and potential overlap of SNe IIn and massive star
eruptions are not fully understood yet. Generally, if an ob-
ject has a peak absolute R or unfiltered magnitude brighter
than −15 and has line widths indicating expansion speeds
faster than about 1000 km s−1, we include it as a real SN IIn.
Less luminous and slower objects are considered impostors
and are excluded.

Unlike previous studies, we include a category called
“SNe Ibc-pec” (peculiar; see Paper II). This category was
necessary to introduce in Paper II because some SN Ibc
vary significantly from the template light curves used to de-
rive the control times for SNe Ib and Ic. As such, the “Ibc-
pec” category in Paper II includes some broad-lined SNe Ic
such as SN 2002ap that are clearly SNe Ic. We have moved
these to the SN Ic category for the purpose of this paper,
since they clearly correspond to massive stars that have fully
shed their H and He envelopes. This has a small effect on the
overall statistics, because broad-lined SNe Ic are very rare in
our sample, contributing only 1–2% of all CCSNe. This is in
agreement with the recent study of Arcavi et al. (2010), who
find that broad-lined SNe Ic contribute only 1.8% of CCSNe
in large galaxies. It is noteworthy, however, that Arcavi et
al. (2010) find broad-lined SNe Ic to be much more common
(∼13% of CCSNe) in low-metallicity dwarf host galaxies.
We also exclude SNe occurring in highly inclined galaxies,
where dust obscuration may introduce statistical problems
that are difficult to correct. As a result of these minor adjust-
ments, made because our goal of investigating implications
for massive-star evolution is different from the goal of deriv-
ing relative rates and correcting for observational biases, the
relative fractions of various SN types in Table 1 and Figure 1
differ slightly from the results in Paper II.

In quoting fractions of various SN types, we ignore
metallicity, galaxy class, and other properties, although we
are cognizant of the importance of these properties and con-
sider them in our discussion below. The galaxies included in
the LOSS survey span a range of luminosity, with most of the
CCSN hosts corresponding roughly to metallicities of 0.5–2
Z" (Garnett 2002; the LOSS galaxy sample spans a range
of MK from about −20 to −26 mag, but most of the CCSN
hosts are in the range −22 to −25 mag; see Paper II). We
note some trends in Paper II, such as the fact that SNe IIn
appear to prefer lower luminosity spirals, whereas SNe Ibc
seem to prefer large galaxies and therefore higher metallicity,
consistent with previous studies (Prantzos & Boissier 2003;
Prieto et al. 2008; Boissier & Prantzos 2009). LOSS is biased
against very faint dwarf galaxies, since larger galaxies with
potentially more SNe were targeted to yield a richer harvest
of SNe. However, low-luminosity galaxies seem to have more
than their expected share of star formation per unit mass,
and probably contribute 5–20% of the local star formation
(Young et al. 2008). If unusually luminous SNe IIn and II-L
favour such low-luminosity galaxies, as some recent studies
may imply (Smith et al. 2008; Miller et al. 2009; Quimby et

Smith+ 11 MNRAS

← Betelgeuse



Neutrino Fluence

Fluence for an integration time at which S/B1/2 is maximal
(determined by the detailed time-dependent model)

thick: s=2.2
thin: s=2.0

First prediction of HE neutrinos from SN w. confined CSM (KM 18 PRDR) 
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Key Points
• Testable & clear predictions (no need for jets, winds, shocks in a star)  

free parameters: eCR & s (typical values: eCR~0.1 & s~2.0-2.3)

• Time window: 
duration ~ calorimetry (fpp~tdyn/tpp>1)
e.g., ~days to weeks for SNe II (II-P/II-L/IIb), ~hours (Ibc), ~months (IIn)

• Energy range: 
IceCube/KM3Net: TeV-PeV (even Glashow resonance anti-ne & nt events) 
Hyper-K/IceCube-Upgrade/KM3Net-ORCA: GeV-TeV

＊ Type II cases: rather different from the Type IIn case
II-P/II-L/IIb/Ibc: shock is collisionless & Mcsm << Mej
IIn: shock can be radiation-mediated &  Mcsm could be larger than Mej

→ more complications (limitation of self-similar, ejecta deceleration, 
radiative shock, other relevant processes (Coulomb collisions etc.)…

※ ns from breakout from envelope (previously studied) : largely suppressed (see KM+19 ApJ)



Implications
• Astrophysical implications

a. Pre-explosion mass-loss mechanisms
How does a dense wind/shell form around the star ? 

b. PeVatrons
Are supernovae the origin of CRs up to the knee energy at 1015.5 eV?   

c. Real-time observation of ion acceleration for the first time
How are CR ions accelerated?

d. Best targets for multi-energy neutrino & multi-messenger astrophysics
MeV ns & possibly gravitational waves, followed by GeV-PeV ns
optical, X-rays, radio waves, and gamma rays (up to ~Mpc by Fermi)  

• Particle physics implications – large statistics 
flavor studies, BSM searches (neutrino self-interactions, 
neutrino decay, oscillation into other sterile states etc. 

cf. more lucky examples?
Betelgeuse: ~103-3x106 events
Eta Carinae: ~105-3x106 events

•



Detectability of “Minibursts”

Kheirandish & KM 22

- CCSN rate enhancement 
in local galaxies (ex. Ando+ 05 PRL)

- Neutrino telescope networks are   
beneficial for nearby SNe at Mpc

- II (CCSM): detectable to ~3-4 Mpc
IIn: detectable to ~10 Mpc



AMES (Astrophysical Multimessenger Emission Simulator)

Purpose:
Tool for “observers” to generate n and broadband EM 
light curves and spectra 
- “Source dependent” python module (GRB, SNe, TDE, AGN)
- Physics processes based on C++
- Standard model parameters determined by EM data

Current status:
GRB (GRB leptonic afterglow): already public
https://github.com/pegasuskmurase/AMES-GRBAfterglow
SN (interacting SNe/pulsar-powered SNe): ready

SN model templates:
https://github.com/pegasuskmurase/ModelTemplates/tree/main/SNHEMM



Fate of g & e±: Electromagnetic Cascade
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Multi-Wavelength Non-Thermal Spectra
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Example: SN 2023ixf
Hiramatsu+ 23 Jacobson-Galan+ 23

Grefenstette+ 23

- M101 @ 6.9 Mpc
- Optical 
dMcs/dt~10-2-10-1 Msun yr-1

Rcs ~ a few x 1014 cm
- X-ray
dMcs/dt~(0.3-1)x10-3 Msun yr-1

Rcs ~ 1015 cm
- Radio
VLA detection at ~30 d
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Multi-Messenger Spectra & Light Curves
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neutrino & gamma-ray fluences

• Neutrino: consistent w. IceCube nondetection
• Gamma: consistent w. Fermi LAT nondetection
• X: consistent w. bremsstrahlung emission
• Radio: perhaps explaining VLA detection?



Example: SN 2010jl

• L = L0 t-a (a~0.54-0.56)
• “Data-driven” evolution of
rcs, Rs, Vs

• Time-dependent 
modeling from t=20 d 
(breakout) to t=250 d

Ofek et al. 14 ApJ (see also Moriya et al. 13 MNRAS)

The Astrophysical Journal, 797:118 (40pp), 2014 December 20 Fransson et al.
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Figure 5. Blackbody temperature, radius, and luminosity for the dust component
and radius and effective temperature for the SN component for the epochs in
Figure 4.
(A color version of this figure is available in the online journal.)

At epochs earlier than ∼400 days, the dust temperature
is constant within errors at ∼1850 ± 200 K and then slowly
decays to ∼1400 K at 850 days. The blackbody radius is
∼(1–2) × 1016 cm for the first ∼300 days and then slowly
increases to ∼3 × 1016 cm at the last observation. The dust
luminosities we obtain for the first epochs are lower than the
NIR luminosities in Figure 3. The reason for this, as can be seen
in Figure 4, is that the photospheric contribution dominates the
J, H, and K bands for these epochs. At epochs later than the
day 465 observation, the opposite is true, which is a result of
including the total dust emission from the blackbody fit and not
only the NIR bands.

Already at ∼90 days, Andrews et al. (2011) found from NIR
and Spitzer observations an IR excess due to warm dust, but
with a lower temperature of ∼750 K than we find. Andrews
et al., however, only include the Spitzer fluxes to the dust
component, while we also include the J, H, and K bands in
this component, which explains our higher dust temperatures.
We note that Andrews et al. (2011) underestimate the K-band
flux in their SED fit.

Using the SED fitting, we can improve on the bolometric
light curve by separating the SN and dust contributions of
the IR flux to the bolometric luminosity and add this to the
BVri contribution in Figure 3. Based on the UV flux at the
epochs with HST observations, we multiply this by a factor
of 1.25 (Section 3.2). In this way we arrive at the bolometric
light curve from the SN ejecta alone in Figure 6, now shown
in a log–log plot. From this we see that the bolometric light
curve from the ejecta can be accurately characterized by a
power-law decay from ∼20 to 320 days, given by L(t) ∼
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L ∝ t−3/(n−2), n = 7.6
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Figure 6. Bolometric light curve for the SN ejecta, excluding the dust echo.
The dashed lines show power-law fits to the early and late light curves used to
construct the density distribution of the explosion. Note the pronounced break
in the light curve at ∼320 days. The dashed lines give power-law fits to the
luminosity before and after the break (see Section 4.5 for a discussion).
(A color version of this figure is available in the online journal.)

1.75 × 1043(t/100 days)−0.536 erg s−1 and a final steep decay
L(t) = 8.71 × 1042(t/320 days)−3.39 erg s−1 after day 320.

Ofek et al. (2014) estimate the bolometric light curve by
assuming a constant bolometric correction of −0.27 mag to the
R-band photometry. With this assumption, they find a flatter
light curve with L(t) ∝ t−0.36 for the same explosion date as
we use here. The reason for this difference is that the R-band
decays slower than most of the other bands, as can be seen from
Figure 2. The bolometric light curve will therefore be steeper
than the R-band light curve.

The slope depends on the assumed shock breakout date. Ofek
et al. (2014) discuss this based on the light curve and find a likely
range of 15–25 days before I-band maximum, corresponding
to JD 2,455,4692,455,479. Using 2,455,469 instead of our
2,455,479 would change the best-fit luminosity decline to
L(t) ∼ 1.9 × 1043(t/100 days)−0.61 erg s−1.

To estimate the total energy output from the SN, we assume
that the bolometric luminosity before our first epoch at 26 days
was constant at the level at 26 days, which is supported by the
early observations by Stoll et al. (2011), shown in Figure 2.
The total energy from the SN (excluding the echo) is then
6.5 × 1050 erg. In addition, there is a contribution from the
EUV as well as X-rays and mid-IR (Section 4.7). Even ignoring
these, we note that the total radiated energy is a large fraction
of the energy of a “normal” core-collapse SN (see Section 4.7).

3.3. Spectroscopic Evolution

Figures 7 and 8 show the SN 2010jl spectral sequence for days
29–847 obtained with FAST at FLWO and with grism 16 at NOT,
respectively. The former have the advantage of showing the full
spectral interval between 3500 and 7200 Å, and the NOT spectra
below 5100 Å have a higher dispersion, showing the narrow line
profiles better.

From our first optical spectra at 29 days to the last at 848 days,
we see surprisingly little change in the lines present (Figure 7).
The main difference is that the continuum is getting substantially
redder with time. This is also apparent from the steep light
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Gamma-Ray Limits on SNe IIn

Interesting limits: ep<0.05-0.1 (w. weak dependence on CR index) 
brighter SNe or more SN samples or improved sensitivity
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Gamma Rays: Fermi-LAT Stacking Search

• 0.1-300 GeV
• 147 IIn samples

(PTF in 2008-2012)
• Time windows

1 month, 3 month, 1 yr
• Highest TS=14.4 (10bt)
• comparable upper limits

windows T 1% � year, T 6% � months, and T 3% � months
for all SNe listed in Table 1.
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APPENDIX A
SN CATALOG

The following table contains all SNe included in this
analysis. The column definition is similar to Table 1.

Name
R.

A. (°)å
Decl.
(° )å Date z m

TS (p-
value)

SN 2008gm 348.55 −2.78 2008
Oct 22†

0.012 17.00‡ 3.2
(0.169)

CSS081201_103354–032125 158.47 −3.36 2008
Dec 01‡

0.060 18.30‡ 0.0
(0.572)

CSS080701_234413 +
075224

356.05 7.87 2008
Dec
30

0.069 18.50 0.0
(0.572)

SN 2008ja
SN 2008ip 194.46 36.38 2008

Dec 31†
0.015 15.70‡ 0.0

(0.572)
SN 2009au 194.94 −29.60 2009

Mar 11†
0.009 16.40‡ 0.0

(0.572)
CSS080928_160837 +

041626
242.16 4.27 2009

Mar
21

0.041 17.60 0.3
(0.458)

SN 2008iy
SN 2009cw 226.26 48.67 2009

Mar 28†
0.150 20.30‡ 0.0

(0.572)
SN 2009eo 224.53 2.43 2009

May
13†

0.044 18.10‡ 0.0
(0.572)

SN 2009fs 274.80 42.81 2009
Jun 01†

0.054 17.00‡ 3.5
(0.154)

PTF 09ij 218.06 54.86 2009
Jun 03

0.124 20.30 0.0
(0.572)

PTF 09ge 224.26 49.61 2009
Jun 06

0.064 17.90 3.3
(0.165)

PTF 09tm 206.73 61.55 2009
Jun 25

0.034 16.80 0.0
(0.572)

PTF 09uj 215.05 53.56 2009
Jun 26

0.066 18.20 0.0
(0.572)

PTF 09uy 190.98 74.69 0.313 19.40

(Continued)

Name
R.

A. (°)å
Decl.
(° )å Date z m

TS (p-
value)

2009
Jul 03

0.0
(0.572)

PTF 09bcl 271.61 17.86 2009
Jul 19†

0.062 20.87‡ 0.0
(0.572)

PTF 10ujc 353.63 22.35 2009
Aug 05

0.032 16.20 0.0
(0.572)

PTF 09drs 226.63 60.59 2009
Aug 15

0.045 18.50 0.0
(0.561)

CSS090925_001259 +
144121

3.25 14.69 2009
Sep 25†

0.090 18.80‡ 0.0
(0.568)

SN 2009ma 127.24 0.59 2009
Oct 17†

0.089 18.20‡ 0.0
(0.572)

CSS091018_091109 +
195945

137.79 20.00 2009
Oct
18†

0.150 19.00‡ 0.0
(0.572)

SN 2009mb
SN 2009kn 122.43 −17.75 2009

Oct 26†
0.016 16.60‡ 0.0

(0.572)
SN 2009kr 78.01 −15.70 2009

Nov
06†

0.006 16.00‡ 4.7
(0.104)

SN 2009nm 151.35 51.28 2009
Nov
20†

0.210 18.80‡ 0.0
(0.572)

CSS091217_110637 +
341952

166.65 34.33 2009
Dec
17†

? 18.70‡ 0.0
(0.572)

SN 2009nj
CSS091218_104011 +

223735
160.05 22.63 2009

Dec
18†

0.140 19.40‡ 0.0
(0.572)

SN 2009nw
PTF 10dk 77.09 0.21 2009

Dec 18†
0.074 20.14‡ 0.0

(0.572)
PTF 10u 152.49 46.01 2010

Jan 05
0.150 19.80 0.0

(0.572)
PTF 11ner 125.58 72.83 2010

Jan 11†
0.117 20.94‡ 0.0

(0.572)
PTF 10ts 188.49 13.92 2010

Jan
12

0.046 17.66 7.9
(0.033)SN 2009nn

CSS100113_032138 +
263650

50.41 26.61 2010
Jan
13†

0.060 18.80‡ 0.1
(0.517)

SN 2010M
PTF 10cwl 189.09 7.79 0.085 19.00‡

Figure 9. Left: 95% CL upper limit on the γ-ray luminosity as a function of the proton spectral index based on the results obtained from the joint likelihood analysis
with d1 2 weighting shown in blue compared to the limit obtained from the closest single source SN 2011ht in green. Right: 95% CL upper limit on the ratio of γ-ray
and optical luminosity L LRH as a function of p( assuming a proportionality between optical and γ-ray flux shown in blue compared to the limit obtained from a single
source analysis of SN 2010jl considering a one year time window (in green). The results of the analysis with an extended time window of 4.5 years for SN 2010jl are
shown in dashed green.
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Gamma-Ray Detection Prospects

• Single SN: detectable up to ~10-50 Mpc
• Statistical approaches should also be powerful
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We assume a power-law distribution of the accelerated protons,
dN/dEp ∝ E−s

p with s = 2. The peak fluxes of neutrinos and
gamma rays decrease by ∼30% for s = 2.2. The normalization
is determined by introducing the acceleration efficiency, εCR ≡
ECR/Eiso with ECR ≡

∫ Ep,max Ep(dN/dEp)dEp.

4. NEUTRINO AND GAMMA-RAY EMISSION

We consider the neutrinos and the gamma rays from the decay
of mesons generated by both the photomeson production and
inelastic pp reaction. In the analytical estimate below, we only
discuss pions which turn out to give a dominant contribution.
But the contribution from kaon decay is numerically included
as in Murase (2008).

We can estimate the fraction of energy transferred from the
non-thermal protons to the pions by the photomeson interactions
as min[1, fpγ ], where fpγ ≡ tγ /tpγ . Using the rectangular
approximation (Waxman & Bahcall 1997) for a photon spectrum
approximated as a broken power law, we have

fpγ ∼ y±
−1εγ εb,16 keV

−1

×
{

(Ep/Ep,b)β−1 (Ep < Ep,b),
(Ep/Ep,b)α−1 (Ep,b < Ep),

(6)

where Ep,b = 0.5 ε̄εb
−1mpc

2 ∼ 8.8 εb,16 keV
−1 TeV with

ε̄ ∼ 0.34 GeV. The multi-pion production becomes dominant
above ≈0.5 ε̄εmin

−1mpc
2 ∼ 140 εmin,keV

−1 TeV (cf. Murase
et al. 2008). We can conclude that a significant fraction of
non-thermal protons with energies 10 TeV ! Ep ! EeV will
be converted into pions, even when y± is slightly larger than 1.

The inelastic pp cooling time is tpp
−1 ≈ (ρ/mp)κppσppc. The

fraction of energy an incident proton loses, fpp ≡ tγ /tpp, can be
evaluated as

fpp ∼ 0.1 y±
−1βsh,0.5

−2, (7)

where we use approximately constant values for the inelasticity
κpp ∼ 0.5 and for the cross section σpp ∼ 4 × 10−26 cm2,
appropriate at high energies. Equation (7) indicates that the
inelastic pp collisions can also contribute moderately to the
pion production as in the case of GRB photospheric emissions.

Neutrino emission. Neutrinos are mainly produced as decay
products of charged pions. One can find that the charged pions
with Eπ " 5 (ξB/0.1)−1/2y±

1/2εγ
−1/2rsb,13.95

1/2βsh,0.5
−1/2 PeV

will lose their energy before decaying due to the syn-
chrotron cooling. Given that the resultant neutrinos have typ-
ically ∼1/4 of the parent pion energy, one expects TeV–PeV
neutrinos. The peak fluence from a single SN/burst event
can be analytically estimated as Eν

2φν ≈ (1/4πD2
L) ×

(1/4) min[1, fpγ ](Ep
2dN/dEp), or

Eν
2φν ∼ 10−5

(
DL

10 Mpc

)−2
εCR

0.1

× fpγ y±
−1rsb,13.95

2βsh,0.5 erg cm−2, (8)

where DL is the luminosity distance to the source.
Figure 2 shows the energy fluences of neutrinos obtained nu-

merically using the calculation codes of Murase (2008), for the
same parameters as in Figure 1. The dashed and dotted lines
show the contribution from the photomeson and inelastic pp
interactions, respectively. We have verified that contributions
from the kaon decay become important only above ∼10 PeV.
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Figure 2. Energy fluences of neutrinos from a trans-relativistic shock breakout
using the same parameters as in Figure 1. We set εCR = 0.2 and DL = 10 Mpc.
Lines represent a contribution from the photomeson production (dashed), the
inelastic pp reaction (dotted), and the total (solid). The dotted-dashed lines show
the zenith-angle averaged atmospheric neutrino background (ANB) within a
circle of deg for ∆t = 3.0 × 103 s (thick) and ∆t = 1 day (thin).
(A color version of this figure is available in the online journal.)

The signal is above the zenith-angle-averaged atmospheric neu-
trino background (ANB; dotted-dash lines; thick one for tγ ∼
3×103 s and thin one for one day). The number of muon events
due to the muon neutrinos above TeV energies can be estimated
as Nµ ∼ 0.3 (εCR/0.2)(DL/10 Mpc)−2y±

−1rsb,13.95
2βsh,0.5 us-

ing IceCube/KM3net (Karle & for the IceCube Collabora-
tion 2010; Katz 2006). Based on our fiducial parameters,
IceCube/KM3net can marginally detect a nearby source at
!10 Mpc, although such events occur rarely, i.e., !0.002 yr−1

for a local LL GRB event rate RLL(z = 0) ∼ 500 Gpc−3 yr−1

(Guetta & Della Valle 2007).
From Figure 2, one can see that the typical neutrino energy

in the trans-relativistic shock breakout model is TeV–PeV. By
comparison, the relativistic jet models of LL GRBs predict
higher energy PeV–EeV neutrinos (Murase et al. 2006; Gupta
& Zhang 2007). This difference is mainly because the shock
breakout model involves a lower Lorentz factor and a stronger
cooling of mesons. In a relativistic jet, the peak photon energy in
the comoving frame is ε′

b = εb/Γj, where Γj is the Lorentz factor
of the jet. The typical energy of protons interacting with photons
via the photomeson production is Ep

′ ∼ 0.5 ε̄εb
′−1mpc

2. The
resultant neutrino energy will be Eν ∼ 0.05 × Ep

′Γj in the
observer frame, which is 100 (Γj/10)2 times larger than our
model. Thus, high-energy neutrino observations can provide
clues to the emission model of LL GRBs.

In principle, the shock velocity could be independently con-
strained through the neutrino spectroscopy. From Equations (6)
and (7), both fpγ and fpp are present irrespective of rsb, and only
depend on βsh. The relative importance of photomeson to inelas-
tic pp collisions directly affects the neutrino energy spectrum.
In the case of trans-relativistic shocks, the spectrum will have
a bumpy structure like in Figure 2. On the other hand, slower
shocks will produce relatively flat spectra because of efficient
inelastic pp interactions (see, e.g., Murase et al. 2011).

Gamma-ray counterparts. Gamma rays are mainly injected
by neutral meson decays. Since the neutral mesons do not suffer
synchrotron cooling, the maximum energy of gamma rays can
be as high as ∼10% of the parent protons, that is ∼100 PeV
in our fiducial case. At high energies above ∼MeV, the e± pair
production can attenuate the gamma-ray flux. In the emission

3

SN Ibc with Confined CSM?
Kashiyama, KM+ 13 ApJL

• SN 2010bh (LL GRB 100316D) : D*~0.01 & Rcs~1014 cm
• Detectable by IceCube up to ~10 Mpc
• Detectable by CTA up to ~100 Mpc
＊duration depends on Vej & Rcs



Take Away
- Development of the time-dependent model for high-energy   
neutrino/gamma-ray emission from different classes of SNe

- Type II: ~1000 events of TeV n from the next Galactic SNe
- SNe as “multi-messenger” & “multi-energy” neutrino source

MeV n
thermal

GeV-PeV n
shock

~0.1-1 day~10 sec

Ln

time

GeV-TeV n?
wind



Diversity of High-Energy Transients

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)



Luminous Supernovae as Long-Duration Transients 

• SLSN-I (hydrogen poor) – energy injection by engine?
• SLSN-II (hydrogen) – circumstellar material interaction

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 × 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than −21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
−22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ −22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,

REVIEWS

Department of Particle Physics and Astrophysics, Faculty
of Physics, Weizmann Institute of Science, Rehovot 76100,
Israel. E-mail: avishay.gal-yam@weizmann.ac.il

-100 0 100 200 300 400 500 600

-23

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

Days from peak

A
bs

ol
ut

e 
m

ag
ni

tu
de

 (m
ag

)

 

SLSN−I

SLSN−II

SLSN−R

SN IIn

SN Ia

SN Ib/c

SN IIb

SN II−P

SLSN threshold

Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s−1 (absolute magnitude > −19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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Luminous SNe
explanations w. radioactivity
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Fast Blue Optical TransientsThe PS1-MDS Transients 
Drout+14Pan-STARRS1 Medium Deep Survey (PS1-MDS) for Rapidly Evolving and Luminous Transients

The Astrophysical Journal, 794:23 (23pp), 2014 October 10 Drout et al.

Figure 1. PS1 absolute magnitude, rest-frame, light curves for gold sample transients. Circles represent grizP1 detections and triangles represent 3σ upper limits.
Vertical dashed lines indicate epochs when spectroscopic observations were acquired. The gray shaded region is the R-band Type Ibc template from Drout et al. (2011),
normalized to the peak magnitude of the PS1-MDS transient.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1 for silver sample objects.
(A color version of this figure is available in the online journal.)

Figure 3. PS1 apparent magnitude, observer-frame, light curves for our bronze (non-spectroscopic) sample. Symbols have the same meaning as Figure 1.
(A color version of this figure is available in the online journal.)

epoch of r-band imaging for PS1-13ess with Magellan IMACS.
This additional photometry was obtained at +2, +45 and +12
rest-frame days for the three objects, respectively. The images
were processed using standard tasks in IRAF19 and calibrated
using PS1 magnitudes of field stars. We subtracted contributions
from the host galaxies using PS1 template images and the ISIS
software package as described in Chornock et al. (2013). These

19 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc. under
cooperative agreement with the National Science Foundation.

points are also shown (squares) in Figures 1 and 2, and listed in
Table 2.

2.5. Galaxy Photometry

For our entire sample we compile griz-band photometry for
any underlying galaxy/source. When possible, we utilize the
SDSS DR9 Petrosian magnitudes, which account for galaxy
morphology. For cases where the underlying galaxy/source was
too faint for a high signal-to-noise SDSS detection, we perform
aperture photometry on the PS1 deep template images, choosing

4

ü t1/2  < 12 day --- rapidly evolving than any SN type
ü Lpeak ~ 1042-43 erg s-1 --- luminous as bright SNe
ü Tpeak ~ a few 104 K --- blue
ü No line blanketing --- not powered by the radioactive decay
ü Host Gal. = star forming Gal. --- related to massive stars 
ü Event rate ~ 4-7 % of core-collapse SN --- not rare

Drout+ 14 (see also Arcavi+ 13 etc)

Margutti+ 19 ApJ

• Rapidly evolving (<10 day)
• Luminous & bright
• T ~ a fewx104 K (blue)
• Unlikely to be Ni-powered
• Star-forming region
• ~4-7% of core-collapse 

SNe (not so rare)



Pulsar/Magnetar-Driven Supernovae

requirement: rotation energy is converted into thermal energy

Hotokezaka, Kashiyama & KM 17 ApJ

Nicholl et al. 13 Nature

“Rapidly rotating pulsars” are popularly invoked to explain some SNe Ibc

magnetar w. B~1014 G 

ultra-stripped supernova (USSN)

super-luminous supernova (SLSN)

pulsar w. B~3x1012 G 
Fang, Metzger, KM+ 19 ApJ

fast blue optical transient (FBOT)

3.2. Optical Light Curves

We calculate bolometric light curves of the supernova
thermal radiation using Equation (7). To obtain the light curve
at a given frequency, we assume the blackbody spectrum with a
temperature given by Teff= (Lrad/4π σSBr

2)1/4, where σSB is
the Stefan–Boltzmann constant (Arnett 1979). For instance, the
effective temperature at the peak time ≈tdiff with the peak
luminosity ≈Lsd/2 is
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We expect bright thermal radiation in the UV to optical bands
after the peak time. The blackbody assumption cannot be
justified once the photosphere shrinks significantly. This occurs
shortly after the peak of the bolometric light curve. Then the
emission is dominated by the nebula emission rather than the
photospheric emission. However, the calculation of the nebular
emission requires detailed treatments on the radiative transfer,
which are beyond the scope of this paper.

Figure 2 shows the light curves of the thermal emission
arising from the pulsar-driven supernova with small ejecta

mass. Also shown are the observed light curves of rapidly
rising optical transients (Arcavi et al. 2016). The peak
luminosity and rise timescale are basically determined by Lsd
and κMej/vej, respectively. The slope of the tail depends on
f ,bfX UV�

and vej. The parameters used for each event are listed in
Table 1. These parameter ranges are inferred from the
formation scenario of double pulsar systems like PSRJ0737-
3039A/B, as described in the previous section. Note that we
have four independent parameters, κMej, vej, Lsd, and f ,bfX UV�

,
to generate the theoretical light curves. It is worth noting that
the observed data are reproduced with the ejecta’s kinetic
energies of (3–8)×1050 erg, which are consistent with the
results of a hydrodynamical simulation of ultra-stripped
supernovae (Suwa et al. 2015). Around 100 days, the ejecta
temperature becomes somewhat low ∼3000K, where atoms
with low-ionization energy, e.g., iron, are not fully recombined
(Kleiser & Kasen 2014). The heating efficiency of the
photoelectric absorption f ,bfX UV�

is 0.05 to 0.1, corresponding
to that roughly less than a half of the energy in X-ray and UV
photons are thermalized. Note that, however, the blackbody
assumption may not be a good approximation at late times, so
that the values of f ,bfX UV�

derived via the light curve fitting is
physically less meaningful.
In summary, an optical counterpart of the double pulsar

formation like PSRJ0737-3039A/B, i.e., an ejecta mass of
∼0.1Me and a pulsar’s initial spin-down luminosity of

Figure 2. Absolute magnitude of the optical emission from a supernova ejecta interacting with a new-born pulsar wind and the observed data of the rapidly rising
optical transients taken from Arcavi et al. (2016). The detections and the 3σ upper limits are depicted as squares and triangles, respectively. Here, we take the effect of
the cosmological redshift on the observed time and observed flux into account for the theoretical curves. The parameters of the theoretical curves used for each event
are listed in Table 1.
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The Astrophysical Journal, 850:18 (9pp), 2017 November 20 Hotokezaka, Kashiyama, & Murase



- Neutron-loaded outflows from highly magnetized protoneutron stars
- Bulk wind acceleration → neutron decoupling → neutrino production
- No cosmic-ray acceleration is necessary 

GeV-TeV Neutrinos from Pulsar/Magnetar-Driven SNe

nucleons
(protons+
neutrons)

neutron
decoupling

wind acceleration

star
termination 

shock

neutrons must dissipate
via np collisions

(KM, Dasgupta & Thompson 14 PRD)



- Neutron-loaded outflows from highly magnetized protoneutron stars
- Bulk wind acceleration → neutron decoupling → neutrino production
- Power-law spectrum as a result of time integration (w.o. cosmic rays)

Carpio, Bhattacharya, Ekanger, KM & Horiuchi 23
KM, Dasgupta & Thompson 14 PRD

GeV-TeV Neutrinos from Pulsar/Magnetar-Driven SNe
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PeV-EeV Neutrinos from Pulsar/Magnetar-Driven SNe

- (UHE) CRs could be accelerated via magnetic dissipation in the wind zone
- Efficient n production should occur in hour-day-week time scales 
- n signals arrive earlier (n alerts): followed by supernova optical emission

Fang, Metzger, KM+ 19 ApJ

flux suppression
due to hadronic
cooling of mesons

spin-down

Carpio, KM, Reno, Sarcevic & Stasto 20 PRD
KM, Meszaros & Zhang 09 PRD

AT 2018cow @ 60 Mpc



- (UHE) CRs could be accelerated via magnetic dissipation in the wind zone
- Efficient n production should occur in hour-day-week time scales 
- n signals arrive earlier (n alerts): followed by supernova optical emission
flux suppression
due to hadronic
cooling of mesons

spin-down

Carpio, KM, Reno, Sarcevic & Stasto 20 PRD
KM, Meszaros & Zhang 09 PRD

low-mass NS-NS merger

PeV-EeV Neutrinos from Pulsar/Magnetar-Driven SNe



Diversity of High-Energy Transients

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM
Nature Rev. Phys. 19  

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)



HE Neutrinos from Choked Jets in Type Ibc SNe

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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FIG. 1. Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission from the
jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL GRBs, where
transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray emission from the shock
breakout occurs significantly after the jet stalls (e.g., Ref. [26]). Right panel: The emerging jet model for GRBs and LL GRBs. Both
neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed as prompt emission.

SENNO, MURASE, and MÉSZÁROS PHYSICAL REVIEW D 93, 083003 (2016)

083003-2

low-power

- Marginally choked jets: 
trans-relativistic SNe & 
low-luminosity (LL) GRBs 
(Toma+07, Nakar 15, Irwin & Chevalier 16)

from Senno, KM & Meszaros 16 PRD

high-power

- Low-power choked jets may
contribute to the IceCube flux
without violating GRB limits
(KM+ 06 ApJL, Gupta & Zhang 07 APh,  
KM & Ioka 13 PRL, Denton & Tamborra 18 ApJ
Carpio & KM 20 PRD)from Cano+ 17 Adv. Ast.



HE Neutrinos from Choked Jets in Type Ibc SNe

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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FIG. 1. Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission from the
jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL GRBs, where
transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray emission from the shock
breakout occurs significantly after the jet stalls (e.g., Ref. [26]). Right panel: The emerging jet model for GRBs and LL GRBs. Both
neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed as prompt emission.
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low-power

- Marginally choked jets: 
trans-relativistic SNe & 
low-luminosity (LL) GRBs 
(Toma+07, Nakar 15, Irwin & Chevalier 16)

from Senno, KM & Meszaros 16 PRD

high-power

- Low-power choked jets may
contribute to the IceCube flux
without violating GRB limits
(KM+ 06 ApJL, Gupta & Zhang 07 APh,  
KM & Ioka 13 PRL, Denton & Tamborra 18 ApJ
Carpio & KM 20 PRD)

In the case of choked SGRB jets, we notice that a
scenario without attenuation and oscillation overestimates
the total number of events by a factor of ∼2. By ignoring
the time dependence of the problem, this case assumes
neutrino emission throughout tdur, but the constraint
ris < rcs reduces this time interval by about 1=2.
Without matter attenuation effects, we also overestimate
the flux and this overestimation increases with energy. In
terms of flavor ratios, we observed that the percentage of
shower events increased significantly compared to the
number of track events and is a feature that persists for
all Edep > 1 TeV. This is caused by the νμ → νe conversion
above 1 TeV, reducing the number of track events, while
increasing shower events. In the absence of matter effects,
the νe flux is below νμ=τ flux at all energies, causing shower
and track event numbers to be comparable. Note that the
nondetection of neutrinos from GRB 170817A is consistent
with our model, because the SGRB jet was off-axis,
preventing us from making stringent constraints from this
particular event.

B. Cumulative neutrino background
from choked LP GRB jets

We test the possibility of our oscillated neutrino spectra
to match IceCube’s unfolded diffuse neutrino spectrum
with six years of shower data [62] and six years of high
energy starting event (HESE) data [63]. In particular, the
origin of medium-energy neutrinos has been of interest,
because the multimessenger analyses have indicated that
the sources are hidden CR accelerators [64,65], which
include choked GRB jets [11,66] and cores of active
galactic nuclei [67,68].
We probe the Liso − Γj space, keeping all other param-

eters and the progenitor model fixed. Our spectrum is time
averaged, from the time that CR acceleration becomes
efficient [see Eq. (3)] to tdur. The normalization is left as a
free parameter; we optimize it to provide a best fit to the
unfolded spectrum between 10 TeV and 100 TeV.
Exploration of the parameter space is limited by the
requirement tdur < tbo and that efficient acceleration has
to occur before breakout.
For this work, the normalization is set by an energy

constraint that relates the total extragalactic diffuse flux to
the GRB rate density as

E2
νΦν ∼ 4 × 10−8GeVcm−2s−1 sr−1ϵp

× Ek;51

!
fchoρ

1000 Gpc−3 yr−1

"!
fz
3

"
; ð17Þ

where Ek ¼ Lisotdur is the isotropic-equivalent kinetic
energy, fz is the redshift evolution factor [69,70], ϵp is the
energy fraction carried by CR protons, ρ is the local rate
density of successful LP GRBs, and fcho is the fraction of
chokedGRB jets compared to the successful ones. LP jets are

preferred not only theoretically to satisfy the radiation
constraints and jet stalling condition, but also observationally
to be consistent with the IceCube data. The failed LP GRB
rate density should be above ∼60 Gpc−3 yr−1ðfz=3Þ−3
because a lower rate density contradicts the nondetection
of multiplet sources [17,71–73].
We find that our LP GRB jet parameters can explain the

medium-energy neutrino data, which is consistent with
the results of Ref. [11]. Ref. [20] had difficulty in explaining
the 10–100 TeV data but their parameter space is different.
We show in Fig. 6 the result with Liso;48 ¼ 1, Γj ¼ 50,
tdur ≈ 1800 s, θj ¼ 1, and ðρ=1000 Gpc−3 yr−1Þfcho ∼ 20.
By choosing a duration time smaller than the breakout time,
we obtain a spectral cutoff due to the neutrino attenuation in
the progenitor star, as expected in Ref. [11]. For a 75 M⊙
BSG, we choose the parameters Liso;48 ¼ 2;Γj ¼ 70;
θj ¼ 0.2, and tdur ≈ 2000 s, in which the neutrino spectrum
extends to the higher-energy regions. The associated rate
density is ðρ=1000 Gpc−3 yr−1Þfcho ∼ 6. In this case, neu-
trino attenuation is weak and the suppression is caused
mainly by pion andmuon cooling.We also point out that the
neutrino flavor ratio is not exactly ≈1∶1∶1 thanks to matter
effects in the neutrino oscillation, and a νe excess is expected
in the 10–100 TeV range. This could help us explain the
diffuse neutrino flux suggested by the shower analysis is
higher than that from the upgoing muon neutrino analysis.

FIG. 6. All flavor choked LP GRB diffuse neutrino fluxes
in comparison with the IceCube astrophysical neutrino spectra.
The data from the 6-year shower analysis [62] is shown by the
green bars, while the result of the 6-year HESE analysis [63] is
shown by the red bars. The per-flavor neutrino flux from [63]
was multiplied by a factor of 3 to estimate the all-flavor flux. The
π=μ cooling scenario uses Liso;48 ¼ 2;Γj ¼ 70; θj ¼ 0.2; tdur ¼
2000 s, and a 75 M⊙ BSG progenitor, while the ν attenuation
scenario assumes Liso;48 ¼ 1;Γj ¼ 50; θj ¼ 1; tdur ¼ 1800 s, and
a 30 M⊙ BSG progenitor. The remaining parameters are given in
Table I. For comparison, we show the spectrum of the choked UL
GRB neutrinos from the collimation shock (CS) in Ref. [11] but
the flux is rescaled.
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Powerful Stacking Searches
Stacking analyses on 386 SNe Ibc w. 10 yr IceCube data

• Present constraints: Ecr<1051-1052 erg (if all SNe emit ns)
• Future: readily improved w. more SNe (especially w. Rubin)
• Spectral templates are important (NOT power laws!!)

Chang, Zhou, KM & Kamionkowski 22
see early limits Senno, KM & Meszaros 18 JCAP

Esmaili & KM 18 JCAP
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Summary of Energy & Time Window
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What Do We Need?

Targets: long-duration HE n/short-duration GeV-TeV n transients
• Multimessenger coincident searches (e.g., AMON events) 

would be powerful for subthreshold events
• Neutrino multiplet followups would also be useful

• Optical: spectroscopic information is relevant
(SN brokers would be useful)

• Better hard X/g-ray sky monitors needed
(ex. >~10 times better than Swift for LL GRBs)

• Coincidences w. UV transients may also help
(ex. ULTRASAT)

• Radio facilities may also help
(ex. DSA-2000, ngVLA)



Ongoing “Multi-Messenger” Attempts
IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

Light 
(electromagnetic)

Gravitational wave
(gravity)

Cosmic-ray
(strong force)

Neutrino (weak force)• AMON
• SciMMA
• Astro-Colibri

Swift

HAWC

VERITAS

Auger

Advanced-LIGO

IceCube

Don’t miss interesting n & GW events
- Realtime coincident searches
- Prompt data-sharing for follow-ups

ANTARES



Multiplets

- Need for long-duration multiplet alerts
lower FAR (< 1/yr)
likely to be low redshifts if SN-like

- Discriminating optical transients is a key

- Sensitivity: ~(30-3000) Gpc-3 yr-1
more improved w. KM3Net/IceCube-Gen2

et al. 2020), this still captures the majority of the SN
population.

The number of Type Ia and II/Ibc SNe generated in the
survey simulations is calculated according to the event rates
from Graur et al. (2011) for Type Ia SNe, and from Madau &
Dickinson (2014), proportional to the cosmic SFR, for CC
SNe. Among the CC SNe, 70% and 30% of the total rates are
assigned to Type II and Ibc SNe, respectively (see e.g., Graur
et al. 2017). If the simulated flux exceeds the observational
sensitivity with>5σ significance at least once, we consider the
object as detected.

The simulation identified ≈4 unrelated SNe in the localiza-
tion area. Figure 9 shows the distribution of detected
contaminants as a function of redshift. Because the detection
sensitivity limit of 23 mag prevents distant transient sources
from being detected (see Figure 8), the number of contaminants
is substantially reduced compared to the unbiased observation
case. Most of the detected contaminants are located beyond
z = 0.15, as expected. This is consistent with the analytic
estimate calculated in Section 3.1. Note that the difference
between Figures 5 and 9 arises from the different assumptions.
The former selects the closest object found in the unbiased SNe
sample, which is more appropriate for testing the chance
coincidence background hypothesis, while the later case
considers a realistic magnitude-limited survey made with a
medium-sized telescope.

3.2.2. Discrimination of Sources with Small Redshifts

It is ideal to perform real-time spectroscopy of all observed
transients as it enables not only redshift measurements but also
classification of the types of transients. For transients with23
mag, a typical exposure time of 1–2 hr is needed to obtain its
redshift and transient type with 8–10 m class telescopes.
Therefore, it would take 1–2 nights for all the discovered
transients. A wide-field spectrograph with high multiplicity,
such as the prime focus spectrograph on Subaru (Tamura et al.
2016) or MOONS on VLT (Cirasuolo et al. 2020), allows for
results to be obtained within a few hours.

However, these telescopes may not be available for
observations at the given time. In this case, it is more practical
to assign priorities to the follow-up observations based on the
photometric redshifts of the host galaxies. Since the typical
redshift range of the transient is z< 0.6, the photometric
redshift given by the Pan-STARRS1 survey, covering the
northern 3π sky, is sufficiently accurate (∼3%) (Beck et al.
2021). Photometric redshifts for the southern sky will also be
available from the Vera C. Rubin Observatory/LSST (Ivezić
et al. 2019). If the photometric redshift is z< 0.15, the transient
is a strong candidate for the neutrino multiplet source, while if
the host galaxy of a transient is z> 0.15, it can be regarded as a
candidate for contamination. For the further identification of
nearby neutrino source candidates and to study their nature,
real-time spectroscopy as well as multicolor photometric
observations are important, which will be discussed in the
next sections.

3.2.3. Strategy to Identify Neutrino Sources

The most likely redshift for the candidate of a neutrino
multiplet source is z∼ 0.03, as indicated by the blue line in
Figure 5. Figure 8 shows that objects with such a redshift are
expected to be brighter than 20–21 mag, and, hence, spectro-
scopic observations are feasible with 2–4 m class telescopes.
Once a low redshift is confirmed, one can evaluate the p-value
to test the statistical significance of the association, as discussed
in Section 3.1.
To further study the physics of the source, e.g., neutrino

production mechanism and its timescale, it is also important to
estimate the explosion time of the transient. Here, we
demonstrate how accurately we can estimate the explosion
time of the transients from the follow-up imaging observations
discussed in Section 3.2.1. We generate light curves of Type
Ibc SNe and Type II SNe at z= 0.0–0.15, assuming they are
the neutrino multiplet sources. As a conservative case, the
neutrino multiplet detection is assumed to happen 30 days after
the explosion. This timescale of the SN evolution corresponds
to the time duration of the interaction process between the SN
ejecta and circumstellar material. We perform mock observa-
tions of sources for 10 epochs with a 5 day cadence, which
assume continuous monitoring starting from the first search
observations described in Section 3.2.1. The first observation is
assumed to start 1 day after the second neutrino detection, i.e.,
31 days after the explosion.
Figure 10 shows the accuracy in the explosion date estimate

by fitting the observed light curve with the template light
curves. The flat dashed lines indicate that the explosion time of
the transient cannot be well determined. This is because the
observational data missed the rising and the peak of the light
curves. The accuracy for Type II SNe tends to be lower as their
light curves are flat and featureless. If multiplet neutrino
detection happens within 10 days for Type Ibc SNe, the
estimate of the explosion time is accurate to within about 5
days as the observations can capture the rising phase, as
demonstrated by, e.g., Cowen et al. (2010).
All-sky time-domain data can improve these results. The

solid lines in Figure 10 show the same estimate but with all-sky
data with a three day cadence and 20 mag depth in the r band
from e.g., the Zwicky Transient Facility (Bellm et al. 2019).
The accuracy is improved to∼5–10 days. As the multiplet
candidates are located within the nearby universe, even

Figure 9. Redshift distribution of SNe detected by follow-up observations for a
sky patch of ΔΩ = 1 deg2 with a 23 mag sensitivity limit. The total number of
detected SNe is 1.5 (SNe Ia), 1.3 (SNe II), and 1.1 (SNe Ibc).
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Summary
Transients
Diversity, SNe are among the most promising targets! 

Interacting-supernovae
Next Galactic SN: multi-energy n source (>10-100 HE ns in IceCube)
SNe within a few Mpc: neutrino telescope networks + particle detectors
Wind-driven SNe
GeV-TeV ns from neutron-loaded outflows: detectable for Galactic SNe
PeV-EeV ns by accelerated ions: testing the UHECR origin
Jet-driven SNe
Still viable as the dominant origin of the all-sky neutrino flux
Stacking searches w. more samples especially with the Rubin era

Strategic multi-messenger searches
Multimessenger coincident searches (e.g., AMON)
Neutrino multiplet followups


