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Multi-Energy Neutrino Sources?
Cosmic rays are observed over 10 orders of magnitude in energy
Nonthermal spectra are generally broad (→ EM multi-wavelength)

Greening the deserts
- Experimental challenges (limited by signal and/or background)
- Crucial for addressing key questions in particle astrophysics
(ex. UHECR origin, CR & n production mechanisms, BSM searches) 

from Astro2020 (1903.04333)



Multi-Wavelength Astronomy

Radio

Gamma-ray

Optical

X-ray

multi-wavelength astrophysics was established and is developing



Now: Multi-Messenger Era

Blazar flare
IceCube-170922A

TXS 0506+056

Neutron star merger
GW170817

GRB 170817A

“concordance” “puzzling” 



Multi-Messenger Astro-Particle “Backgrounds”

gamma neutrino UHECR

unresolved

Energy generation rates of 3 messengers are comparable (ex. KM & Fukugita 19)
→ multi-messenger & multi-energy connection



Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Next: Multi-Energy Neutrino Astronomy?

GeV-TeV

TeV-PeV (>60 TeV)

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012
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MeV-GeV
Sun



Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Dreaming Multi-Energy Neutrino Astronomy…

GeV-TeV

TeV-PeV (>60 TeV)

Neutrino sky map⇤ at very high energies

* CR background removed
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Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Dreaming Multi-Energy Neutrino Astronomy…

GeV-TeV

TeV-PeV (>60 TeV)

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

PeV-EeV

SN 1987A

MeV-GeV
Sun

"UHECR” connection



All-Sky Neutrino Spectra and Flavors
IceCube Collaboration @ Neutrino 2020
IceCube Collaboration 20 PRL

arXiv:2008.04323

En
2Fn ~ 10-8 GeV cm-2 s-1 sr-1 @ ~200 TeV

structure? consistent w. a power law 
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spp ~1/mp
2~30 mb

resonance

weak energy dependence

sppspg

High-Energy Neutrino Production

p+γ→ Nπ + X

Active galaxy g-ray burst

p+ p→ Nπ + X

Galaxy clusterStarburst galaxy

Cosmic-ray Accelerators Cosmic-ray Reservoirs

accretion to
massive black hole

remnants of massive 
stars and mergers

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN/galaxy mergers 
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High-Energy Neutrino Production

p+γ→ Nπ + X

Active galaxy g-ray burst

p+ p→ Nπ + X

Galaxy clusterStarburst galaxy

Cosmic-ray Accelerators Cosmic-ray Reservoirs

accretion to
massive black hole

remnants of massive 
stars and mergers

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN/galaxy mergers 
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NOT power-law in multi-energies can be a smoothened power law



reservoir
(ex. galaxy cluster)

accelerator
(ex. AGN)

cosmic-ray reservoir scenario

CR

p

pp/pg reactions
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UHECR
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08 ApJ

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

Loeb & Waxman 06 JCAP

IceCube

IceCube

galaxy group/cluster

starburst galaxy

IceCube

Kotera, Allard, KM, Aoi, Dubois,
Pierog & Nagataki 09 ApJ

>0.1 PeV IceCube data:
consistent w. earlier
theoretical predictions



High-Energy Astro-Particle Grand-Unification

Fang & KM 18 Nature Phys. (1704.00015)
see also 1607.01601 and 1704.06893

UHECR

- hard n spectrum by confined CRs & hard UHECR spectrum by escaping CRs
- smooth transition from source n (at PeV) to cosmogenic n (at EeV)

example of AGN as “UHECR” accelerators



Or Coincidence or Conspiracy?

multi-energy connection is a key: smooth spectra? decline? hardening? bump?   

• pg scenarios explaining IceCube ns (GRBs/AGN) → cutoff/sharp decline  
• AGN/pulsar models for UHECRs -> hard component around 10-100 PeV

arXiv:2010.12279



Beyond 10 PeV n: Signal “Challenge”

• n spectral features around 10 PeV and beyond?
benchmark flux: En

2Fn ~3x10-9 GeV cm-2 s-1 sr-1 @ 10 PeV

• EeV n sources are uncertain but crucial for UHECRs 
En~ 0.04 Ep: 1 PeV neutrino ⇔ 20-30 PeV per CR nucleon

400 PeV neutrino ⇔ 10 EeV per CR nucleon
benchmark flux? → “nucleus-survival” bound (KM & Beacom 10)

En
2Fn <(1-3)x10-9 GeV cm-2 s-1 sr-1 @ EeV

• Bigger exposures needed; various ideas have been proposed! 
In-ice optical – IceCube-Gen2, KM3Net-ARCA, Baikal-GVD, P-One
In-ice radio – ARA, ARIANNA, Gen2 radio, RNO-G
Air-shower radio – ANITA, PUEO, GRAND, BEACON etc.
Air-shower Cherenkov – Trinity, NTA, POEMMA, TAMBO 



Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Multi-Energy Neutrino Astronomy?
GeV-TeV

TeV-PeV (>60 TeV)

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

Neutrino sky map⇤ at very high energies

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012

PeV-EeV

SN 1987A

MeV-GeV
Sun

“EM” connection
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Multi-Messenger Implications of 10-100 TeV n Data

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ existence of “hidden (i.e., g-ray opaque) neutrino sources” 

(n data above 100 TeV can be explained by g-ray transparent sources)

• 10-100 TeV shower data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

KM, Guetta & Ahlers 16 PRLtrack
data

shower data K=1 (pg), K=2 (pp)

see also
KM, Ahlers & Lacki 13 PRDR
Capanema, Esmaili & KM 20 PRD
Capanema, Esmaili & Serpico 20



Other Hints in Neutrino Point Sources?

“Catches” (~3s) exist; need more data to reach the discovery level 

IceCube Collaboration 20 PRL

NGC 1068
TXS 0506+056 PKS 1414+240 GB6 J1542+6129

starburst galaxy/AGN

Jetted AGN (blazar)



NGC 1068 as Hidden n Sources

Black hole “corona” model
- NGC 1068: predicted to be the brightest in the northern sky
- GeV-TeV g rays must be hidden but should appear in MeV g rays 
- Suppressed n spectra below TeV? (cannot be extrapolated w. steep spectra)
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KM, Kimura & Meszaros 20 PRL
(see also Inoue+ 20 ApJ)

HESS

NGC 1068 is a Seyfert galaxy w. starburst activities (not jetted AGN)



We next discuss a few caveats that should be kept in mind
when interpreting our predictions for the long-term neutrino
emission of TXS0506+056.

1. The predictions rely on the assumption that the maximal
neutrino flux obtained for each epoch is representative of
the long-term neutrino emission of the source. Ideally,
one should find a scaling relation between the maximal
neutrino flux and the photon flux in some energy band
with continuous temporal coverage, and then use the
long-term light curve to compute the predicted number of
muon neutrinos (e.g., Petropoulou et al. 2016). Although
the 0.1–300 GeV energy band of Fermi is ideal for this
purpose, we cannot establish a robust relation between

¯
( )
n n+F max and Fγ, as shown in Figure 3 (left panel). In

contrast, we find that the X-ray flux is a better probe of
the maximal neutrino flux within our model, with

¯
( ) µn n+F FX
max (right panel of Figure 3). This is partly

because the SED has a valley in the X-ray range, which is
the most important for constraining hadronic compo-
nents. The X-ray coverage of the source before the 2017
flare is very sparse (see Figure 1), thus preventing a more
sophisticated analysis than the one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in between the four
epochs we chose for our analysis. Such changes in the jet
parameters could happen in highly variable blazars(e.g.,
Raiteri et al. 2013; Ahnen et al. 2017). This limitation
stems from the lack of quasi-simultaneous multi-wave-
length data for long-time windows and highlights the
need for X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporaneous.
More specifically, the X-ray spectra are computed from
individual Swift-XRT observations of duration of a
few kiloseconds each, while the gamma-ray spectrum
is averaged over the whole epoch of interest (∼0.5 yr).
In this regard, the Swift-XRT observations are instanta-
neous compared to the selected time window. So,
when we translate the maximal neutrino flux, which is
mainly set by the X-ray flux, into an expected number of
events and use D =T 0.5 yr as the typical duration, we
may overestimate the number of neutrinos. The X-ray
flux variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a factor
of ∼2.

5.2. Implications for the 2014–2015 Neutrino Flare

Here, we focus on the implications of our model for the
2014–2015 neutrino flare. As an illustrative example, we show in
Figure 4 a case where the model-predicted neutrino flux is
compatible with the IceCube flux of epoch 4. The parameters are
the same as those listed in Table 8, except for the characteristic
external photon energy (temperature) and the proton luminosity,
which now read �¢� 5 keVext ( ¢ = ´T 2 10ext

7 K) and ¢ =Lp

´1.7 1048 erg s−1, respectively. For the adopted parameters,
the electromagnetic emission of the secondaries produced via
photohadronic interactions and photon–photon pair production
reaches a flux of ( – )~ ´ - - -3 10 10 erg cm s11 2 1, which
confirms the analytical results of Murase et al. (2018). Such high
X-ray and gamma-ray fluxes clearly overshoot the MAXI and
Swift-BAT upper limits by a factor of ∼2–3 and the Fermi-LAT

data by a factor of ∼10. In addition, this case is unlikely in
astrophysical view, for it requires a highly super-Eddington proton
power to account for the low photomeson production efficiency.
Given the unprecedented neutrino flux measured by IceCube

in 2014–2015, one could still argue that the conditions in the
blazar zone were significantly different compared to other
epochs. We therefore explored this possibility by performing a
wide scan of the parameter space for one-zone models. Our
methodology and results are presented in the Appendix. We
found no parameter set for the blazar zone that can
simultaneously explain the neutrino flare and be compatible
with the electromagnetic constraints. Moreover, all cases
require a highly super-Eddington jet power, namely
( – )L10 102 3

Edd, where ( )� :´L M M1.3 10 10Edd
47 9 erg s−1

is the Eddington luminosity of a black hole with mass M. The
necessary proton power could be reduced to Eddington levels if
the energy density of the external photon field (in the blazar
zone) was two or three orders of magnitude higher than all
other epochs(see also Reimer et al. 2019).
We therefore conclude that the high neutrino flux of epoch 4

cannot be explained concurrently with the electromagnetic data
if both emissions originate from the same region, in agreement
with previous studies (Murase et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019).

6. Discussion

6.1. Remarks on the Maximal Neutrino Flux and Proton
Luminosity

We have constrained the maximal neutrino flux ( ¯
( )
n n+F max ) and

the required proton luminosity ( ( )Lp
max ), assuming that the low-

energy hump in the SED is attributed to synchrotron emission
from primary electrons. This assumption is plausible and
widely accepted. Indeed, the optical-to-soft X-ray data can be
fitted with a single power law, especially evident in epoch 2
and in the 2017 flare(Keivani et al. 2018). It is therefore
unlikely that proton-initiated cascades (with usually broad

Figure 4. Same as in Figure 2, but for a case where the model-predicted neutrino
flux is compatible with the IceCube flux of epoch 4. Here, we assume
¢ = ´T 2 10ext

7 K (or, equivalently, �¢� 5ext keV) and ¢ = ´L 1.7 10p
48 erg s−1.

All other parameters are the same as those listed in Table 8 for epoch 4.

10

The Astrophysical Journal, 891:115 (16pp), 2020 March 10 Petropoulou et al.

2014-2015 Neutrino Flare from TXS 0506+056

IceCube 2018 Science 

- CR-induced cascade emission from 
the Bethe-Heitler process (pg→p e+e-)

- unpleasantly large energetics

~13 events (~3.5s)

170922A

Petropoulou, KM+ 20 ApJ
KM+ 18 ApJ, 
Reimer+ 19 ApJ
Rodrigues+ 19 ApJ

FermiMAXI, Swift

ASAS-SN

X-ray    g-ray

one-zone models 
do not work

IceCube



How to Hide Gamma Rays from Blazars?
- Blazar (at least radio-emitting) zones are typically transparent for <GeV g rays
- Suppressed n spectra below 10-100 TeV? 

KM, Oikonomou & Petropoulou 18

CR beam model
(Zhang+KM 20, KM+ 18)

Blazar core model
(Xue+ 21, Rodrigues+ 19)
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IceCube-Gen2 Stacking
n spectra features below 10 TeV?
- excellent angular resolution
- good shower reconstruction (water)
- presumably bigger than IceCube

Many motivations
- Testing hidden n scenarios
- pp vs pg
- GeV-TeV sources “exist”
Galactic contribution (MW disk, halo, SNRs etc.)

May be challenging and need ideas (to have x10 better sensitivity) 
but good news, atm. backgrounds can be reduced for transients

Below 10 TeV n: Background “Challenge”

Kheirandish, KM & Kimura 21



Diversity of Multi-Messenger Transients

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

supermassive black holes

massive stellar deaths

compact mergers
(promising GW sources)



Powerful Cosmic Explosions as Multi-Messenger Transients

Supernova

Gamma-ray burst
(long)

n & GWs - smoking gun 

Gamma-ray burst

A single explosion can easily outshine an entire galaxy 
containing hundreds of billions of stars.

Neutron star
merger

Stellar collapse



Inner jet (prompt/flare) 
r ~ 1012-1016 cm   B ~ 102-6 G

TeV-PeV ν, 

Meszaros (2001)

GRBs as Multi-Energy Neutrino Sources

Waxman & Bahcall 97 PRL
Dermer & Atoyan 03 PRL
KM & Nagataki 06 PRL

Afterglow
r ~ 1014-1017 cm   B ~ 0.1-100 G

PeV-EeV ν
e.g., Waxman & Bahcall 00 ApJ

Dermer 02 ApJ
KM 07 PRD

Meszaros & Waxman 01 PRL
Razzaque et al. 03 PRL
KM & Ioka 13 PRL

Inner jet inside a star 
r < 1012 cm, B > 106 G

GeV-PeV ν



HE Neutrinos from GRBs: Constrained?

IceCube 2017 ApJ

GRB prompt: constrained by stacking analyses <~ 3x10-10 GeV cm-2 s-1 sr-1 

→ only subdominant (<~1%) contribution to IceCube neutrinos 
However…
- Both prompt and afterglow models can still be viable as the UHECR origin
- Low-power GRBs (including choked jets) are viable as the IceCube n origin

GRB prompt

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic

double broken power law neutrino spectrum as a function of

first break energy Áb and per-flavor quasi-di�use flux normal-

ization �0 derived from the presented results combined with

previous Northern Hemisphere track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches. Models

of neutrino production assuming GRBs are the sole source of

the measured UHECR flux either by neutron escape (Ahlers

et al. 2011) or proton escape (Waxman & Bahcall 1997) from

the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted

per-flavor quasi-di�use flux of numerical neutrino production

models (dashed lines) for benchmark parameters fp = 10

and � = 300 over the expected central 90% central energy

containment interval of detected neutrinos for these models,

combining the presented analysis with the previously pub-

lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

per flavor

KM & Nagataki 06 PRL, KM 07 PRD

GRB flare/afterglow



Low-Power GRB Jets Embedded in Massive Stars

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 high-power

Levan+14 ApJ

UL GRB

shock breakout

Carpio & KM 20 PRD

KM & Ioka 13 PRL, Senno, KM & Meszaros 16 PRD, Tamborra & Ando 16 PRD, Denton & Tamborra 18 JCAP

matter effect

µ damp

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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Short GRB Jets from Neutron-Star Mergers

I  � Introduction 
Why mass ejection from NS binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection 
(talks by Korobkin……) 

2.  Ejecta could produce r-process heavy elements              
(talks by Foucart……..) 

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Metzger & Berger    2012�GW170817-GRB 170817A 
success of multi-messenger & 
multi-wavelength observations
• GRB afterglow from off-axis jet
• Kilonovae from merger ejecta

Metzger & Berger 12

see also Kimura, KM+ 18, Kyutoku & Kashiyama 18, 
Biehl+ 18, Ahlers & Halser 19, Decoene+ 20 

from KM & Bartos 19

next: neutrinos?

assumption
”stable magnetar”



Core-Collapse Supernovae and Neutrinos

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

GeV-PeV neutrinos from supernovae?
non-thermal: shock dissipation 
- cosmic-ray origin and acceleration
- progenitor, mass-loss mechanism
- neutrino properties, BSM physics
How many GeV-PeV ns can be detected?



CR Acceleration and n Production in Early Supernovae?

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

• However, naively, early CR and HE n production is negligible
mostly kinetic energy until the Sedov time
ex. dissipation energy ∝ t3 for uniform medium

• But the situation is 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)

1
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MejV

2
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1
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2
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2 + Ed, (2)

where Mcs is the total CSM mass and Vcs(< Vej) is the CSM
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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

(

R
R0

)−s

% 5.0× 1016 D∗R
−2
0

(

R
R0

)−s

g cm−3

(4)
where R should be expressed in cm, R0 = 1015 cm, and D∗
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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
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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
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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

(

R
R0

)−s

% 5.0× 1016 D∗R
−2
0

(

R
R0

)−s

g cm−3

(4)
where R should be expressed in cm, R0 = 1015 cm, and D∗

c© 2009 RAS, MNRAS 000, 1–18



New: Evidence for Dense Material around Progenitor

• Apparently common for Type II SNe
dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for typical red supergiants)

early spectroscopy
(Yaron+ 16 Nature Phys.)

SN 2013fs

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

CSM

no CSM



Supernovae with Interactions with CSM

Star

wind/shell wind/shell

ejecta

kinetic energy → thermal + non-thermal via shock

SN

shocks

dense environments = efficient n emitters (calorimeters)

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ
p+ p→ Nπ + X

KM et al. 11
Katz et al. 11
KM 18
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Next Galactic SN: Multi-Messenger & Multi-Energy n Source

- Not only MeV ns but also GeV ns could be detected by Hyper-K & IceCube
- TeV-PeV ns will be detected by IceCube-like detectors w. large statistics
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events
→ real-time observation of cosmic-ray ion acceleration

testing the cosmic-ray origin & applications to neutrino physics

MeV n

GeV-PeV n

~0.1-1 day~10 sec

Ln

En

quasi-thermal n?
(KM, Dasgupta & Thompson 14)
(Suwa 13)
(Nagakura & Hotokezaka 21)

thermal

nonthermal



Summary
Green the deserts toward the multi-energy n astrophysics era 

From TeV-PeV to PeV-EeV
Important to reveal the origin of UHECRs and test the astro-particle unification
Many experimental proposals to enlarge effective volumes  

From TeV-PeV to GeV-TeV
Important to reveal the connection to g rays and test hidden n scenarios
Nearby GeV-TeV (Galactic) sources and transients (GRBs/SNe/TDEs)

GRBs & SNe (Stellar Collapse & Compact Mergers)
n-UHECR connection? n-GW coincident? Possible but w. Gen2-like detectors
Galactic SN: promising multi-messenger & multi-energy n source

Large statistics at different energies will help us test various neutrino physics 
Lorentz invariance, neutrino oscillation, neutrino decay, n-n/n-DM/other NSI etc. 
(e.g., 1404.0622, 1404.7025, 1512.07228, 1610.02096, 1404.2279, 1404.2288,1408.3799 & 1903.04333)



Thank you very much!

Masatoshi Koshiba
(1926 - 2020)

U. Tokyo in Dec 2002
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Diffuse Neutrino Intensity?
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Blazars: if UHECR accelerators → promising EeV neutrino emitters

various diffuse n predictions
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Diffuse Neutrino Intensity?

Blazars: if UHECR accelerators → promising EeV neutrino emitters
IceCube 9-yr EHE analyses give a limit of <10-8 GeV cm-2 s-1 sr-1 at 10 PeV
many existing models have been constrained

various diffuse n predictions

0.014% (3.6σ). Furthermore, the hypothesis that the two
events are of cosmogenic origin is rejected with a p value of
0.3%, because of the low observed deposited energy and
the absence of detected events at higher energy. However,
the observations are compatible with a generic astrophysi-
cal E−2 power-law flux with a p value of 92.3%. The
energy deposited and the zenith angles of the two observed
events are better described by a neutrino spectrum softer
than the spectrum of ≥ 108 GeV neutrinos, which experi-
ence strong absorption effects during their propagation
through the Earth. This observation allows us to set an
upper limit on a neutrino flux extending above 107 GeV.
The limits also are derived using the LLR method.
Cosmogenic neutrino models are tested by adding an
unbroken E−2 flux without cutoff as a nuisance parameter
to explain the observed two events.
The systematic uncertainties are estimated similarly to

the previous publication [27]. The primary sources of
uncertainty are simulations of the detector responses and
optical properties of the ice. These uncertainties are
evaluated with an in situ calibration system using a light
source and optical sensor sensitivity studies in the labo-
ratory. Uncertainties of þ13%

−42% and þ2%
−7% are estimated for the

number of background and signal events, respectively. In
addition, uncertainties of −11% are introduced to the
neutrino-interaction cross section based on CTEQ5 [64]
calculated as Ref. [65] and þ10% by the photonuclear
energy losses [66]. The uncertainty on the neutrino-
interaction cross section is from Ref. [67]. The uncertainty
associated with the photonuclear cross section is estimated
by comparing the current calculation with the soft-
component-only model. An uncertainty of þ34%

−44% associated
with the atmospheric background is also included. The
error is dominated by the experimental uncertainty of
cosmic ray (CR) spectrum measurements ("30%) [1,68],
theoretical uncertainty on the prompt flux calculation [37],
and the primary CR composition. All the resultant limits
presented in this Letter include systematic uncertainties.
Taking the maximally and minimally estimated background
and signal distributions in a 1σ error range by adding
systematic uncertainties in quadrature, each signal and
background combination results in an upper limit. The
weakest limit is taken as a conservative upper limit
including systematic uncertainties. The uncertainty is
energy dependent and, thus, it is model-spectrum-shape
dependent. Model-dependent limits are generally weak-
ened by ∼20% and ∼30% for cosmogenic and astrophysi-
cal-neutrino models, respectively.
Cosmogenic neutrinos.—We tested cosmogenic neutrino

models. Aside from the primary composition dependence,
the cosmogenic neutrino rates in the current analysis
depend significantly on the UHECR source evolution
function that characterize the source classes. Table I
represents the p values and associated 90% C.L. for
cosmogenic models. The models from Ref. [42] are

constructed in such a manner that the cosmogenic γ-ray
emission from the decays of π0 produced by the inter-
actions of UHECRs with the cosmic microwave back-
ground (CMB) is consistent with the Fermi-LAT
measurements of the diffuse extragalactic γ-ray background
[69,70]. Our constraints on these models imply that the
majority of the observed γ-ray background is unlikely to be
of cosmogenic origin.
Limits on cosmogenic neutrino models [53,54] using two

classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate
(SFR) [71], which is a generic measure of structure
formation history in the Universe, and the other is that of
FRII radio-loud AGN [72,73]. The cosmogenic models
assuming FRII-type evolution have already been constrained
by the previous study [27]. In addition, these strong
evolution models may conflict with the observed
γ-ray background [42,74,75]. The current analysis not only
strongly constrains the FRII-type but also begins to
constrain the parameter space where SFR drives UHECR
source evolution. The predicted neutrino spectra and the
corresponding model-dependent limits are presented in
Fig. 2. When the primaries are heavy nuclei, photodisinte-
gration is more likely than pion production, hence the flux
of cosmogenic muon neutrinos is suppressed [53,76–79].
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FIG. 2. Model-dependent 90% confidence-level limits (solid
lines) for (upper panel) proton cosmogenic-neutrino predictions
(dashed lines) from Ahlers [42] and Kotera [53] and (lower
panel) astrophysical neutrino fluxes from AGN (BLR) models of
Murase [56] and Padovani (long dashes: Yνγ ¼ 0.8, short dashes:
Yνγ ¼ 0.3) [57], and the Fang pulsar model [59]. The range of
limits indicates the central 90% energy region. Two lines of the
Ahlers model represent different threshold energies of the
extragalactic UHECR component. The deviation of the Kotera
and Ahlers models below 108 GeV is due to different models of
the extagalactic background light assumed for the calculation.
The wide energy coverage of the current analysis (Fig. 1) allows a
stringent model-dependent limit to be placed for both cosmogenic
and astrophysical models.

PRL 117, 241101 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

9 DECEMBER 2016

241101-5

IceCube 16 PRL

Hooper+ 19 JCAP

from KM 1511.01590

IceCube 18 PRD

hadronic (w. Fermi g-ray norm.)
BL Lacs (w.o. external fields)

leptonic (w. IceCube n norm.)
BL Lacs + FSRQ

leptonic (w. “UHECR” norm.)
BL Lacs + FSRQ



Can Blazars be the Origin of IceCube Neutrinos? 

g-ray bright blazars are largely resolved -> stacking analyses are powerful

- Comprehensive analysis considering uncertainty from “unresolved” blazars 
(complementary to neutrino anisotropy limits by e.g., KM & Waxman 16)
→ blazars are subdominant in the diffuse n sky (most likely <~ 30%)

- Possible to partially account for the n data by giving up UHECR explanation

illustration purposes, we include the IceCube all-flavor neutrino
flux ( )´ F ´n

- -
n

1 1E4.8 10 8.4 10E
8 2 IC 8 in Figure 2 (the

cyan area). To avoid underestimating the upper limits due to the
uncertainties of the existing results, we introduced a 50%
uncertainty to the constraints derived from stacking analysis, which
broadens the areas in the left panel of Figure 2. The right panel
shows the energy-dependent upper limits for an en

-2.5 neutrino
spectrum. The solid lines are obtained by assuming g = 1.0lw
whereas the dashed lines correspond to the case g = 2.0lw . The
upper limits from Fermi-LAT 2LAC and 3LAC analysis are
illustrated as magenta lines and green lines, respectively. In this
figure, we also showed the all-flavor neutrinos flux (red points;
Aartsen et al. 2015a, 2016), the 6 yr high-energy starting events
(cyan points; Aartsen et al. 2017c) and the the best fit to the
upcoming muon neutrinos scaled to three-flavor case (yellow area).
The previous discussion reveals that ( )g� lw may depend on
Lph,min moderately, when glw is smaller than 1.0. We will further
demonstrate in Section 3 that, in the range of g 1 1.0lw , the
neutrino multiplet constraints are more stringent than the upper
limits derived from the stacking analyses, which manifests its
complementarity in constraining the cumulative neutrino flux from
all blazars over a wide range of glw.

3. Implications of High-energy Neutrino Multiplet Limits

Here, we present another type of constraints on the origins of
IceCube diffuse neutrinos, using the negative results from the
clustering test of neutrino-induced muon track events. These
high-energy track events are generally detected by IceCube
with the angular resolution∼0.5°, which enables us to
determine the incoming directions and perform clustering
analysis on their time and spatial distributions. So far, all the
clustering tests based on high-energy muon neutrinos have
found no statistically significant evidence of clustering
in the arrival distribution of neutrinos (Aartsen et al.
2014a, 2015d, 2017d, 2019b).

In this section, we investigate the implications of the
nondetection of neutrino multiplet sources, and consider the
limits on blazar contributions to the cumulative neutrino
background. To achieve this goal, we follow Murase &
Waxman (2016) and write down the limits on the effective
source densities. The formalism presented by Murase &
Waxman (2016) is applicable to blazars with a general
luminosity weighting ( )µn

gL Lph lw as the functions
( ) ( ) fµn

g +L dN dL Lbl ph ph
1

bllw are sharply peaked around
some effective luminosities Lph

eff , which demonstrates that the
effective source densities and the neutrino luminosity densities
are well defined and constrained. Below, we define these
crucial quantities and derive the neutrino multiplet constraints
for our blazar case.
Assuming the number of sources that produce more than
-k 1 multiplet events is .Nm k, the constraint from the

nondetection of m�k multiplet events can be obtained by
requiring -.N 1m k . Murase & Waxman (2016) studied the
implications to the neutrino sources using the absence of
“high-energy” multiplet neutrino sources, and calculated the
upper limit on the local source number density for an en

-2

neutrino spectrum,
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where en enL ave is the time-averaged neutrino luminosity of the
source, ( – )~ ´ - - -F 5 6 10 GeV cm slim

10 2 1 is the 8 yr Ice-
Cube point-source sensitivity at the 90% confidence level
(Aartsen et al. 2017b), –~q 1 3L denotes a luminosity-
dependent correction factor, ΔΩ represents the sky coverage

Figure 2. All curves and data points in this figure illustrate all-flavor neutrino fluxes. Left panel: stacking constraints on the contributions of all blazars to the
cumulative neutrino flux ( = -L 10 erg sph,min

42 1 is used) and high-energy neutrino multiplet constraints on the blazar contributions in the neutrino sky for an en
-2

neutrino spectrum. The magenta and green areas correspond to the all-blazar upper limit from Fermi-LAT-2LAC and -Fermi 3LAC equal weighting analysis,
respectively. The cyan horizontal area shows the cumulative neutrino flux detected by IceCube. The blue dashed, red dashed–dotted and thick black lines illustrate the
m�2 multiplet constraints for FSRQs, BL Lacs, and all blazars whereas the corresponding areas show the uncertainties. The thin black line is the m�3 multiplet
constraint for all blazars. Right panel: the energy-dependent upper limits from the stacking analysis for the all-blazar contributions, assuming a neutrino spectral
index s=2.5.
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The Astrophysical Journal, 890:25 (7pp), 2020 February 10 Yuan, Murase, & Mészáros

resolved + unresolved blazars

(IceCube 17 ApJ, Hooper+ 19 JCAP)

Yuan, KM & Meszaros 20 ApJ
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Modeling of the 2017 Multimessenger Flare

• Low synchrotron peak
nsyn<3x1014 Hz (infrared)

• Leptonic scenario
g rays = inverse-Compton
(external radiation needed)

• Hadronic g rays:
cascaded “inside” the 
sources

Implications
• g-ray cascade bounds on 

neutrino fluxes imply:
Nn<0.02/yr (real-time)   
Nn<0.2/yr (point-source)

• No UHECR (<0.3 EeV)
• Extremely large jet power

ep/ee >300 needed

n

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ

steep

valley

nsyn

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT
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Hadronic Scenarios: Unlikely to Explain the IceCube Data

“cascade” n

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ • Low synchrotron peak
nsyn<3x1014 Hz (infrared)

• g = p-induced cascade 
Fn ~ Fg: ruled out 

• g = p-syn. from UHECRs
very low Fn at 0.1-1 PeV
due to the peak at ~1 EeV
(g rays can be explained)

g:Fermi-LAT
opt: Swift-UVOT/X-Shooter 

nsyn

X:Swift-XRT/NuSTAR
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ at 6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc
and 30 kpc, respectively, taking into account pair production via scattering o↵ CMB photons. For the conversion of photon
fractions into photon flux we use the CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray
line. Right panel: Comparison to the Galactic �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use emission from the three
sky regions divided by the red dashed circles in Fig. 3. The solid gray line shows the total average neutrino flux, which also
accounts for the extragalactic contribution shown separately as a dashed gray line.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E

��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass mX = 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E⌫ < mX/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q⌫(E⌫) and Q�(E�)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

J
gal

⌫/�(E) =
Q⌫/�(E)

8⇡mX⌧X

1Z

0

ds

1Z

�1

dc↵ ⇢(r(s, c↵)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r

2(s, cos↵) = s
2 + R

2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions

Constraints on Galactic Sources

• IceCube+ANTARES: Galactic plane contribution should be subdominant
• Quasi-isotropic emission: tension w. existing TeV-PeV g-ray limits

need deeper TeV-PeV g-ray obs. (ex. Fermi, HAWC, Tibet-AS+MD, SGSO)

γ + bkgγ → e+ + e−

Ahlers & KM 14 PRD

Isotropic emission
(ex. Galactic halo CRs)

g

n

Source Searches with IceCube Cascades (7yr)

7/29/19 ICRC 2019 - Williams - Results from IceCube 17

ApJ Letters 868 (2018) no. 2, L20

Joint search for Galactic diffuse 
neutrino emission with IceCube tracks 

and ANTARES cascades + tracks
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ANTARES 2017 (Ecut = 100 TeV)

7yr Cascades (Ecut = 100 TeV)

7yr Cascades (Ecut = 1 PeV)

7yr Cascades (No cutoÆ)

arXiv:1907.06714 [astro-ph.HE]

Median cascade resolution < 10⚬
above 40 TeV with deep learning

P-value for KRA! with 5 PeV
cutoff is 2"

7yr Cascades Previous Work

Template p-value Sensitivity Fitted Flux UL p-value Sensitivity Fitted Flux UL

KRA5
� 0.021 0.58 0.85 1.7 0.29 0.81 0.47 1.19

KRA50
� 0.022 0.35 0.65 0.97 0.26 0.57 0.37 0.90

Fermi-LAT ⇡0 0.030 2.5 3.3 6.6 0.37 2.97 1.28 3.83
cf. Blasi & Amato 19

Galactic plane emission
(ex. diffuse CRs, supernova remnants)

IceCube Collabooration 18 ApJL



Neutrinos Probe Dissipation Mechanisms

Collision w. decoupled neutrons (ex. Bahcall & Meszaros 00, Beloborodov 10)

neutron flow
after rdec

proton flow

Dissipation
ǁ

Inelastic collision
N+n→p→g,n,e

Collision w. compound flow (ex. Meszaros & Rees 00)

nucleons
(protons

+neutrons)

Dissipation
ǁ

Internal shock
Inelastic collision

N+n→p→g,n,e

nucleons
(protons

+neutrons)



Quasi-Thermal Neutrinos from pn Collisions

• en~0.1GGrelmpc2~100 GeV(G/500)(Grel/2): quasithermal
• pn collisional dissipation is unavoidable 
en2fn~eg2fg: required to explain prompt emission
much less uncertainty in meson production efficiency 

Ek
iso/Eg

iso=4
Eg

iso=1053.5 erg
G=600, z=0.1

KM, Kashiyama & Meszaros 13 PRL
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SN 2012ap in the X-rays 3

FIG. 2.— Kinetic energy profile of the ejecta of ordinary type Ibc SNe (red) and E-SNe, a class of explosions that includes GRBs (blue), sub-E GRBs (light-
blue) and relativistic SNe (orange). Squares and circles are used for the slow-moving and the fast-moving ejecta, respectively, as measured from optical and
radio observations. The velocity of the fast-moving ejecta has been computed at �t = 1d (rest-frame). Black solid lines: ejecta kinetic energy profile of a pure
hydrodynamical explosion (Ek / (��)-5.2, Tan et al. 2001), and for explosions powered by a short-lived (Ek / (��)-2.4) and long-lived (Ek / (��)-0.4) central
engine (Lazzati et al. 2012). Open black circles identify explosions with broad-lined optical spectra. The purple arrow identifies the direction of increasing
collimation of the fastest ejecta. SN 2012ap bridges the gap between cosmological GRBs and ordinary SNe Ibc. Its kinetic energy profile, significantly flatter
than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
Horesh et al. (2013); C14; M14.

4. SN 2012AP IN THE CONTEXT OF ENGINE-DRIVEN EXPLOSIONS

The radio observations of SN 2012ap are well modeled
by synchrotron emission arising from the interaction of the
SN shock with the environment (C14). C14 derive Ek =
(1.6±0.1)⇥1049 erg carried by mildly relativistic ejecta with
velocity v ⇠ 0.7c at �t = 1d. By modeling the observed
optical emission, M14 infer Ek ⇠ 1052 erg in slow moving
(v ⇡ 20000kms-1) material. These two values define an Ek
profile significantly flatter than what expected in the case of a
pure hydrodynamical collapse (Ek / (��)-5.2, e.g. Tan et al.
2001), thus pointing to the presence of an engine driving the

SN 2012ap explosion (see Fig. 2).
Engine-driven SNe (E-SNe) constitute a diverse class of ex-

plosions that includes relativistic SNe, sub-E GRBs and or-
dinary GRBs. SN 2012ap is intermediate between ordinary
non-relativistic SNe and fully relativistic GRBs and falls into
a region of the parameter space populated by sub-E GRBs and
the other known relativistic SN, SN 2009bb (Fig. 2)9. With
reference to figures 3 and 4 we find that:

• The radio luminosity of SN 2012ap and sub-E GRBs is
comparable. SN 2012ap is significantly more luminous
than ordinary Ic SNe at the same epoch, and even more
luminous than the sub-E GRBs 100316D and 060218
(Fig. 3, right panel). With Ek ⇠ 1052 erg and evi-

9 The relativistic nature of SN 2007gr has been questioned by Soderberg
et al. (2010a) and it is not included here. See however Paragi et al. (2010).

dence for broad spectral features (M14), the properties
of SN 2012ap in the optical band are also reminiscent
of the very energetic SNe associated with sub-E GRBs
and ordinary GRBs.

• At �t ⇠ 20d, the X-ray emission from SN 2012ap is
however a factor � 100 fainter then the faintest sub-E
GRB ever detected, GRB 980425 (Fig. 3, left panel).

• Along the same line, from C14, the prompt �-ray en-
ergy released by the SN 2012ap explosion is E�,iso <
1047 erg, a factor � 10 fainter then the faintest sub-E
GRB 980425 (Fig. 4).

Relativistic SNe and sub-E GRBs are thus clearly distin-
guished in terms of their high-energy (X-rays and �-rays)
properties. The different level of X-ray emission between rel-
ativistic SNe and sub-E GRBs cannot be ascribed to beam-
ing of collimated emission away from our line of sight. Ra-
dio observations of sub-E GRBs support the idea of quasi-
spherical explosions (e.g. Soderberg et al. 2006a, Margutti
et al. 2013a), while there is no evidence for beaming of the
non-thermal emission from relativistic SNe (Soderberg et al.
2010b; C14). Furthermore, on a time scale of ⇠ 20d, the
blastwave arising from both relativistic SNe and sub-E GRBs
is sub-relativistic and the geometry of emission is effectively
spherical, independent from the initial conditions. The dif-
ferent level of X-ray emission between sub-E GRBs and rela-
tivistic SNe at t & 10d is thus intrinsic.

GRB-SN Connection

supernova

g-ray burst

relativistic jet?

Margutti+ 14
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HE Neutrinos from LL GRBs and 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

- Trans-relativistic SNe such as 
may come from shock breakout
(Campana+ 07, Waxman+ 07)

- Jet: successful or failed?
(Toma+07, Nakar 15, Irwin & Chevalier 16)

from Senno, KM & Meszaros 16 PRD

high-power

- They could significantly 
contribute to the IceCube flux
(usual stacking limits are not applied)
(KM+ 06, KM & Ioka 13, Senno, KM+ 16)

to that of classical GRBs. Here, importantly, even if the
observed GRB luminosity is low (recall that “low-
luminosity GRBs” here are defined based on the observed
luminosity), choked jets themselves may be as powerful as
the jets of classical high-luminosity GRBs. In the CJ-SB
model, the choked jet has isotropic-equivalent luminosity
L ∼ 1051–1052 erg s−1, but the observed gamma-ray lumi-
nosity is smaller by a factor of ð2=θ2jÞðT=tengÞ. (Clearly, teng
can also play a large role in determining whether a jet will
give rise to a classical GRB or an LL GRB). For the
shock breakout luminosity Lγ, the total absolute CR energy
in the jet is assumed to be ECR ¼ ðϵCR=ϵγÞðLγTÞ≃ 6.3 ×
1050 ergðξCR=2ÞLγ;47T3.5 [where ξCR ≡ ϵCR=ϵγ ¼
2ð0.25=ϵγÞðϵCR=0.5Þ is the so-called CR loading factor].
Note that the total absolute CR energy scales as the
observed gamma-ray luminosity. Also, the CR spectrum
is assumed to be dNp=dε0p ∝ ε0−2p .
The diffuse neutrino flux is calculated via (e.g.,

Ref. [85])

Φν ¼
c
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×
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where dNν=dE0
ν is the neutrino spectrum per burst, H0 is

the Hubble constant, and ΩM and ΩΛ are cosmological
parameters. If LL GRB progenitors evolve as the
star-formation rate (SFR), we rescale the function found
by [86],
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with κ ¼ −10, p1 ¼ 3.4, p2 ¼ −0.3, p3 ¼ −3.5, where
fcho expresses the contribution of choked jets without
shock breakout (i.e., orphan neutrinos), and RLL ∼
100–200 Gpc−3 yr−1 is the local LL GRB rate at z ¼ 0.
Reference [24] constructed a luminosity function (i.e., the
number of bursts with an observed isotropic-equivalent
luminosity within a given luminosity interval) uniquely for
the LL GRB population

dRLL

dLγ
≈
ðα − 1ÞRLL

Lm

"
Lγ

Lm

#−α
: ð16Þ

It was found that the data were fit best with a local rate of
RLL ¼ 164þ98

−65 Gpc−3 yr−1, index α ¼ 2.3% 0.2 and char-
acteristic luminosity Lm ¼ 5 × 1046 erg s−1.

Figure 3 shows the diffuse neutrino flux from LL GRBs
for different components. For our parameter set in the CJ-
SB model that explains LL GRBs, we find that the diffuse
neutrino flux is compatible with the measured flux for
Eν ∼ 0.1–1 PeV. There are three relevant remarks. First,
since the gamma rays and the dominant component of
neutrinos are produced in different regions, a prediction of
the CJ-SB model is that the majority of the LL GRB
neutrino signal arrives ðrsb − rstallÞ=c ∼ 100–1000 s before
the LL GRB triggers a detector. Second, the VHE neutrino
emission from choked jets is highly beamed in the CJ-SB
model. On the other hand, the shock breakout contribution
is nearly isotropic, so the associated neutrino emission can
be observed from off-axis observers [81]. Third, precursor
neutrinos from choked jets will be found within a much
smaller temporal window (teng ∼ 101.5 s) compared to the
electromagnetically observed LL GRBs and/or shock
breakout emission.
For comparison, we also show one of the predictions of

the EJ model for Γ ¼ 5. We assume that the luminosity
function is constant, and the redshift dependence is taken
from Ref. [87] but also follows the SFR. Although the
model uncertainty is rather large, we confirm the previous
results that the EJ model may also give a significant
contribution to the diffuse neutrino flux [29,30] at large
observed energies (i.e., Eν;obs ≳ 1 PeV). The spectral shape
of earlier results [29,30] is seen by the recent estimate of
Ref. [88]. But the overall normalization is different due to
different assumptions on the CR loading factor and LL

FIG. 3. All-flavor diffuse VHE neutrino fluxes from LL GRBs
in various models. The choked jet CJ (this work), shock breakout
(CJ-SB) [81], and emergent jet (EJ) [29] components are shown.
The shock breakout component has been updated to include the
newest luminosity function and redshift evolution, while the EJ
component is luminosity insensitive with the redshift evolution of
Ref. [87] and is shown for illustrative purposes. Note that
neutrinos are observed as prompt emission or precursor emission.
The IceCube data based on the combined analysis [5] and
up-going muon neutrino analysis [8] are overlaid.
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Coincident Detection w. Gravitational Waves?

Kimura, KM, Meszaros & Kiuchi 17 ApJL
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extended emission: 
# < 2-5 events in 10 years w. Gen2 
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Multi-Energy Neutrino Spectra

Fluence for an integration time when S/B1/2 is maximal
(determined by the time-dependent model due to atm. bkg.)
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