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Figure 5
Schematic picture of various high-energy multimessenger transients.

observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS
In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares
In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
high-energy humps are explained by synchrotron emission and inverse Compton radiation from
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observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.
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In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.
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In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.
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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.

Gamma-Ray Burst-Supernova Connection

supernova

g-ray burstMargutti+ 14
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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
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than what expected from a pure hydrodynamical explosion, indicates the presence of a central engine. References: Margutti et al. (2013a) and references therein;
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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.
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Diversity of Gamma-Ray Bursts

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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Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.
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Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.
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Implications of GRB Stacking Search

• Classical GRB: <~1% of the diffuse IceCube flux
• DO NOT overinterpret results:

- Constraints are much weaker at EeV (ex. n afterglow models)
- Constraints are much weaker at GeV-TeV (ex. sub-photospheric models)
- Constraints are weaker for longer-lasting emission (ex. flares/afterglows)
- Not applied to other transients (ex. low-luminosity GRBs, choked jets)

IceCube 2017 ApJ1172 GRB samples
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High-Energy Neutrinos from Choked Jets? 

1. Jet propagation: 
jets may not be conical but collimated

2. Collisionless vs radiation-mediated shocks: 
efficient CR acceleration may be prohibited

two pieces of important physics were overlooked
KM & Ioka 13 PRL

all cosmic-ray energy can be used for p production!



Jet Propagation
• Jet propagation in a star has been understood 

controlled by luminosity, duration, opening angle, and r(r)

• Collimation is crucial for jets propagating in high-density environments  
• Relevant to determine whether jets are “choked” or “successful” 

6 Mizuta & Ioka

Fig. 4.— Mass density in g cm�3 (top), pressure in dyn cm�2/c2

(middle), and Lorentz factor (bottom) contours of the model �
0

=
5 at t = 4.5 s (model G5.0). Note that the aspect ratio of z and r
is not unity in order to enhance the fine structures in the jet and
the cocoon. The white dashed line in the Lorentz factor contour
indicates the initial stellar surface.

the stellar surface R⇤ (z = 4⇥1010 cm; see Figure 2), the
jet head advances rapidly (⇠ c, the speed of light). As a
result, the pressure profile in the cocoon cannot remain
constant around the jet head. The pressure profile in the
cocoon drops near the jet head; see the one-dimensional
pressure profile in the cocoon in Figure 5(a) at t = 4.5 s
when the jet breakout just occurs. Figure 5(b) shows the
same as Figure 5(a) for but when the z-axis is shifted by
z
shift

, where z
shift

is approximately the position at which
the jet starts to expand. The jet cannot maintain its
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Fig. 5.— (a) One dimensional pressure profiles at r = 1.8⇥ 109

cm and t = 3, 4.5 s, and at r = 5⇥ 109 cm and t = 6.4 s for model
G5.0. The profile shows the cocoon region. The shocked ambient
gas appears as a thin shell at the jet head. The pressure profile
is almost homogeneous before the jet breakout (t = 3 s). When
the jet breakout occurs at t = 4.5 s, a pressure gradient can be
seen around the jet head. After the jet breakout at t � 6.4 s, the
pressure profile in the outer cocoon is about p / z�4. (b) Same
as (a) but only for t = 4.5 , 6 s and the horizontal axis is z � z

shift

to show the pressure profiles measured from o↵-center origin at
z
shift

, which determines the evolution of the jet expanding from
the o↵-center around ⇠ z

shift

for each time (z
shift

= 2.5 ⇥ 109cm
for t = 4.5 s and z

shift

= 4 ⇥ 1010cm for t = 6.4 s). A pressure
gradient can be seen around the jet head at the time of the jet
breakout (t = 4.5 s) and after the jet breakout (t = 6.4 s). (c) One
dimensional Lorentz factor profile along the z-axis at t = 3, 4.5,
and 6.4 s for model G5.0.

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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Fig. 14.— Structure of the jet and the collimation shock. The
collimation shock appears by the interaction between the expand-
ing jet and the high pressure cocoon. The collimation shock con-
verges at ẑ. Solid lines show the collimation shock and the jet
structure after the collimation shock for a decreasing pressure case
(� = 1.8), whereas green the dashed lines show the collimation
shock and the cylindrical jet structure after the collimation shock
for the constant pressure case (� = 0).

ter the breakout, the cocoon pressure is not constant but
decreases outward (see Figure 5). This leads to less col-
limation, a wider jet, and hence a larger Lorentz factor.
Therefore, the jet-breakout acceleration occurs almost
inevitably if the external medium has a finite size. We
estimate that the jet-breakout acceleration boosts the
Lorentz factor of the jet by a factor of several (⇠ 5).
This is the reason why the naive picture in Figure 1 is
not correct but the jet opening angle becomes ⇠ 1/5�,
as shown numerically in Section 3.4 and Figure 8.

4.1. Jet Evolution in Constant External Pressure

First we consider the jet evolution inside the progenitor
star. Bromberg et al. (2011) provided a detail analysis.
Here we make the analytical formulae easier to use in the
calibration of the model parameters. The jet dynamics
is controlled by three processes: (1) the jet head, (2)
the cocoon, and (3) the collimation. After combining
these dynamics, we can describe the evolution of the jet
head position by Equation (25), the jet cylindrical radius
by Equation (26), and the collimation position by Equa-
tion (27). There is one free parameter ⌘ by Equation (8)
to be fixed by numerical simulations.

1. Jet head dynamics. After the jet propagates in-
side the star, it collides with the stellar envelope.
A reverse shock decelerates the jet, and a forward
shock runs into the stellar envelope. The shocked
region is called the jet head. The jet head dynam-
ics is determined by the ram pressure balance be-
tween the shocked jet and the shocked envelope,
both of which are given by the pre-shock quanti-
ties through the shock jump conditions (Marti et al.
1997; Mészáros & Waxman 2001; Matzner 2003):

hj⇢jc
2�2

jh�
2

jh + Pj = ha⇢ac
2�2

h�
2

h + Pa, (4)

where �jh = �j�h(1��j�h) is the relative Lorentz
factor between the jet and the jet head and �jh =
(�j � �h)/(1 � �j�h) is the corresponding relative
velocity. We can neglect the internal pressure of the
jet Pj for the strong reverse shock and the pressure
Pa for the cold ambient matter. Then, the jet head

velocity is

�h =
�j

1 + L̃�1/2
, (5)

where

L̃ ⌘
hj⇢j�2

j

ha⇢a
' Lj

⌃j⇢ac3
(6)

is the ratio of the energy density between the jet
and the ambient medium. In the last equality, we
assume the cold ambient medium ha = 1 and use
the jet cross-section ⌃j = ⇡r2j and the jet luminos-
ity Lj . For typical parameters of GRBs, we have
L̃ ⌧ 1, i.e., a non-relativistic head velocity:

�h ' L̃1/2. (7)

Hereafter, we consider the non-relativistic case,
that is appropriate for typical parameters.

2. Cocoon. The shocked jet and the shocked enve-
lope try to expand and go sideways into a cocoon
component. The cocoon pressure is determined by
the injected energy divided by the cocoon volume
(Begelman & Cio� 1989),

Pc =
E

3Vc
=

⌘

3

R
Lj(1� �h)dt

(
R
�hc dt)⇡(

R
�cc dt)2

, (8)

where ⌘ is a parameter to correct the approxima-
tion of the cylindrical cocoon shape. We use ⌘ to
absorb other approximations. (For example, we
represent the transverse velocity by a single value,
assume a spherical cocoon and a power-law den-
sity profile in Equation (13), neglect z⇤ in Equa-
tion (17), and so on.) We determine ⌘ by com-
paring the analytical formulae with the numerical
simulations. Note that 1 � �h ⇡ 1 for the non-
relativistic head velocity. The transverse velocity
of the cocoon is determined by the balance between
the cocoon pressure and the ram pressure of the
ambient medium:

�c =

s
Pc

⇢̄ac2
, (9)

where

⇢̄a(zh) =

R
⇢adV

Vc
⌘ ⇠a⇢a(zh), (10)

is the mean density of the medium. Defining
Z

�h dt ⌘ ⇠h�ht
⇣
=

zh
c

⌘
,

Z
�c dt ⌘ ⇠c�ct, (11)

we can eliminate �c from Equations (8) and (9) to
obtain

Pc = L̃�1/4

✓
Lj⇢a
ct2

◆
1/2 ✓ ⌘⇠a

3⇡⇠h⇠2c

◆
1/2

. (12)

If the density profile follows a power law ⇢a / z�↵,
the coe�cients, ⇠a, ⇠h and ⇠c, become constant:

⇠a =
3

3� ↵
, ⇠h = ⇠c =

5� ↵

3
. (13)

cf. uncollimated jet

jet head radius if collimated

Chevalier [50]. The jet has more difficulty in penetrating
the progenitor star due to its lower luminosity, but on the
other hand, its longer duration helps in achieving breakout.
In this model, the prompt gamma-ray emission may come
from relatively low radii around the photosphere or large
radii. Such marginally successful jets are expected for
larger radius progenitors such as BSGs, and UL GRBs may
correspond to the case of successful GRBs [19].
Next, we consider jets embedded in an extended,

massive envelope. The jet can be choked if the mass of
the extended material is sufficiently large. Motivated by the
CJ-SB model for LL GRBs, we consider an extended
material with mass Mext ∼ 10−2M⊙ and radius
rext ∼ 3 × 1013 cm. WR stars have been observed with
such unusually massive envelopes in the months leading up
to their SN explosion [77–79]. Nakar [31] suggested
similar envelope parameters for LL GRB 060218, but
without strong constraints on the density profile. For
simplicity, we therefore assume the same wind profile
for all LL GRBs, namely,

ρðrÞ ¼ 5.0 × 10−11 g cm−3
!

Mext

0.01M⊙

"
r−3ext;13.5

!
r
rext

"−2
;

ð3Þ

with the density at the outer envelope edge
ρext ≡ ρðrextÞ=ð5.0 × 10−11 g cm−3Þ. Assuming, as Nakar
did, that the majority of the envelope’s mass is located near
the outer radius [i.e., the quantity ρðrÞr3 increases up until
rext], different wind profiles do not significantly affect the
dynamics of the jet head. The jet is typically uncollimated
for sufficiently luminous jets, and the Lorentz factor of the
jet head is given by

Γh ≈
~L1=4

ffiffiffi
2

p ≃ 3.5L1=4
0;52ρ

−1=4
ext r−1=2h;13.5; ð4Þ

while the jet head radius is estimated to be

rh ≈ 2Γ2
hct≃ 2.3 × 1013 cmL1=2

0;52ρ
−1=2
ext r−1ext;13.5t1.5: ð5Þ

The condition rh ¼ rext gives the jet breakout time tjbo;ext,
and the condition tjbo;ext ≲ teng gives the jet-stalling
condition

Lγ ≲ LJS
γ ≈ 0.95 × 1048 erg s−1

!
ϵγ
0.25

"!
θj
0.2

"
2

t−1eng;1.5

× T−1
3.5ρextr

4
ext;13.5; ð6Þ

where we have used

Lγ ≈ ϵγ
θ2j
2

L0teng
T

: ð7Þ

Lγ is the observed luminosity of the LL GRB, ϵγ is the
gamma-ray emission efficiency, θj is the choked jet open-
ing angle in the extended material, and T is the typical
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius rstall.
In our CJ-SB scenario, the central engine activity time teng
is unrelated to the duration of the prompt emission T, since
the latter only depends on the shock velocity and breakout
radius T ≈ rsb=Γ2

sbc, which are determined from the
envelope properties. The former time scale is deduced
from the lifetime of GRB jets that are seen in high-
luminosity GRBs, while the latter reflects the typical
observed duration of a LL GRB. Note that the hydro-
dynamic constraints are relevant for neutrino production.
First, they restrict the emission radius, which limits the
overall nonthermal particle energy density as well as the
maximum neutrino energy. Since the emission region of
traditional GRB jets assumes a wide variety of values (e.g.,
1011 cm≲ rem ≲ 1017 cm for the classic fireball model in
[44]), the phenomenology of neutrinos from choked jets
can be quite different. Additionally, the jet luminosity and
central engine duration need to be consistently determined.
If the jet is too powerful or its duration is too long, it is no
longer choked and should be reduced to the classical
GRB case.
If the jet is choked in the dense wind close to the edge of

the star, it will launch a transrelativistic shock that becomes
an aspherical shock breakout. As described in
Refs. [80,81], breakout nonthermal emission may be
released when the optical depth of the shock reaches unity.
The emission time of the breakout—and therefore the
approximate duration of the subsequent GRB—is
T ≈ rsb=ðΓ2

sbcÞ ∼ 103.5 s, in agreement with the average
duration of LL GRBs, where rsb is the shock breakout
radius and Γsb is the Lorentz factor of the shock. It has been
shown that shock breakouts produce smooth light curves
similar to those seen in LL GRBs.

III. RADIATION CONSTRAINTS
ON SHOCK ACCELERATION

CRs are generally assumed to be accelerated with a
power-law distribution by the first-order Fermi process in
the presence of shocks or turbulence. As known from the
literature of nonrelativistic shocks (e.g., Refs. [80,82]),
efficient conversion of the fluid kinetic energy to a non-
thermal particle population can occur if the shocks are
collisionless (i.e., mediated by plasma instabilities), requir-
ing the upstream plasma to be optically thin for relativistic
shocks. CRs gain energy thanks to the shock compression.
If the shock is mediated by radiation, efficient acceleration
is prevented [19,83] since the shock width is larger than the
CR Larmor radii and particles cannot efficiently cross
between the upstream and downstream fluids. This subtle
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1. ram pressure balance at jet head
2. cocoon dynamics
3. collimation shocks 

(Bromberg+ 11 ApJ, Mizuta & Ioka 13 ApJ)

Mizuta & Ioka 13 ApJ



Collisionless vs Radiation-Mediated shocks

Collisionless shock Radiation-mediated shock

downstream downstreamupstream upstream

plasma processes

ldec~1/(n sT b)

deceleration
by radiationVelocity Velocity

thermal energy
CR energy

(m.f.p.) ~ rL(ep) > (shock width) (m.f.p.) ~ rL(ep) < (shock width)
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“Radiation Constraints” on Non-thermal Neutrino Production

• Lower-power is better
• Bigger progenitor is better

KM & Ioka 13 PRL

allowed region
(tT<1 at unshocked flow)

← compact star (Wolf-Rayet)
← big star (blue-super giant)

favoring “choked jets”
(both conditions make 
jet penetration difficult)

prohibited region
(tT>1 at unshocked flow)

Thomson optical depth
tT=nesTD ∝ LG-2

L: kinetic luminosity
G: Jet Lorentz factor
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Implications
• Good news: 

non-detections of HE “precursor” neutrinos from 
canonical GRBs are naturally explained
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Fig. 4. Spectrum of SN 2008D according to the soft jet model for dif-
ferent assumed jet Lorentz factors and under the assumption that the jet
is pointing towards Earth.

n1 = n2 = n3 = 0 and b1 ≈ b2 ≈ b3, the signal upper limits
s̄i are identical for all three search windows to the fourth signif-
icant digit: s̄1 = s̄2 = s̄3 = s̄ = 2.44 (at 90% CL). The upper
limit Φ̄(90)

ν on the neutrino flux in terms of the expected flux
Φν is given by the ratio of the signal upper limit s̄ to the signal
expectation s:

Φ̄(90)
ν

Φν
=

s̄
s
· (4)

Due to the different signal expectations in each window, the
flux upper limits depend on the assumed emission time scale τe.
Therefore, we quote the limits on the soft jet model for canonical
parameters (Table 1) separately for each emission time scale τe
and at a reference energy of Eν = 100 GeV:

⎡
⎢⎢⎢⎢⎣
Φ̄(90)
ν (100 GeV)

GeV−1 cm−2

⎤
⎥⎥⎥⎥⎦ =
[

d
10 Mpc

] 2

×
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.035 τe = 100 s
0.058 τe = 1000 s
0.17 τe = 10 000 s.

(5)

Each limit is only valid under the assumption that the entire neu-
trino signal is contained in the corresponding time window. In
other words, SN 2008D could have emitted at most 19 (41, 122)
times more neutrinos than assumed under the soft jet model
with default parameters Γb = 3 and Ej = 1051.5 erg. A higher
flux would have been observed by IceCube with a probability of
90%.

The primary systematic uncertainty in these limits stems
from a possible bias in signal simulation, i.e. the value of s.
Systematics for IceCube 22 have been studied by Abbasi et al.
(2009a) and lead to a ∼15% uncertainty in s, corresponding to
a +17
−13 percent shift in the limits. Incorporating the uncertainty

of the BDT classification response, that is decreasing the signal
prediction and increasing the background expectation by the cor-
responding uncertainty resulted in a negligible shift of ∼0.5% in
the limits.

Next, we wish to constrain the main parameters of the model,
the kinetic energy release Ej and the Lorentz factor of the jet Γb.
Due to the significant Γb dependence of the hadronic break en-
ergy Eπ/K (1)

ν, cb ∝ E−1
j Γ

5
b and the radiative cooling break energy

Eπ/K (2)
ν, cb ∝ Γb, the number and spectral distribution of produced

neutrinos depends strongly on Γb (see Fig. 4). Moreover, the flux

Fig. 5. Expected number of events as a function of the assumed jet
Lorentz factor Γb under the assumption that the jet is pointing towards
Earth. The plotted numbers correspond to a 10◦-signal-region and cut
level 3 at which the background rate is 0.03 Hz.

Fig. 6. Constraints on the jet parameters Ej and Γb where E51.5 =

1051.5 erg. For each assumed emission time scale τe, the colored regions
are ruled out at 90% confidence level.

is scaled with Ej Γ
2
b which accounts for the energy release and the

beaming of the neutrino emission. At high boost factors, radia-
tive cooling of mesons sets in at lower energies than hadronic
cooling, i.e. Eπ (1)

ν, cb > Eπ (2)
ν, cb

(
EK (1)
ν, cb > EK (2)

ν, cb

)
for Γb >∼ 4 (Γb >∼ 9).

To derive constraints on Γb and Ej, we calculated the sig-
nal expectations in the intervals Γb = 1.5−10 and Ej =

1051−1052 erg. As Fig. 5 shows, the less efficient cooling as well
as stronger beaming in more relativistic jets leads to a drastic in-
crease in the signal expectation. Increasing Γb places more neu-
trinos at high energies >∼1 TeV where IceCube is more sensi-
tive, though the corresponding reduction in the jet opening angle
leads to smaller probability of jet detection. The measured sig-
nal upper limit s̄ = 2.44 and the signal predictions si

(
Γb, Ej

)
for

each window can be used to constrain the jet parameters Ej and
Γb through si

(
Γb, Ej

)
< s̄i. Values of Γb and Ej not fulfilling this

relation are ruled out at 90% CL. These limits are illustrated in
Fig. 6.

Finally, the scenario proposed by Koers & Wijers (2007)
shall be examined briefly. Assuming that meson re-acceleration
leads to a simple power law neutrino spectrum in the relevant
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Fig. 4. Spectrum of SN 2008D according to the soft jet model for dif-
ferent assumed jet Lorentz factors and under the assumption that the jet
is pointing towards Earth.

n1 = n2 = n3 = 0 and b1 ≈ b2 ≈ b3, the signal upper limits
s̄i are identical for all three search windows to the fourth signif-
icant digit: s̄1 = s̄2 = s̄3 = s̄ = 2.44 (at 90% CL). The upper
limit Φ̄(90)

ν on the neutrino flux in terms of the expected flux
Φν is given by the ratio of the signal upper limit s̄ to the signal
expectation s:

Φ̄(90)
ν

Φν
=

s̄
s
· (4)

Due to the different signal expectations in each window, the
flux upper limits depend on the assumed emission time scale τe.
Therefore, we quote the limits on the soft jet model for canonical
parameters (Table 1) separately for each emission time scale τe
and at a reference energy of Eν = 100 GeV:

⎡
⎢⎢⎢⎢⎣
Φ̄(90)
ν (100 GeV)

GeV−1 cm−2

⎤
⎥⎥⎥⎥⎦ =
[

d
10 Mpc

] 2

×
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.035 τe = 100 s
0.058 τe = 1000 s
0.17 τe = 10 000 s.

(5)

Each limit is only valid under the assumption that the entire neu-
trino signal is contained in the corresponding time window. In
other words, SN 2008D could have emitted at most 19 (41, 122)
times more neutrinos than assumed under the soft jet model
with default parameters Γb = 3 and Ej = 1051.5 erg. A higher
flux would have been observed by IceCube with a probability of
90%.

The primary systematic uncertainty in these limits stems
from a possible bias in signal simulation, i.e. the value of s.
Systematics for IceCube 22 have been studied by Abbasi et al.
(2009a) and lead to a ∼15% uncertainty in s, corresponding to
a +17
−13 percent shift in the limits. Incorporating the uncertainty

of the BDT classification response, that is decreasing the signal
prediction and increasing the background expectation by the cor-
responding uncertainty resulted in a negligible shift of ∼0.5% in
the limits.

Next, we wish to constrain the main parameters of the model,
the kinetic energy release Ej and the Lorentz factor of the jet Γb.
Due to the significant Γb dependence of the hadronic break en-
ergy Eπ/K (1)

ν, cb ∝ E−1
j Γ

5
b and the radiative cooling break energy

Eπ/K (2)
ν, cb ∝ Γb, the number and spectral distribution of produced

neutrinos depends strongly on Γb (see Fig. 4). Moreover, the flux

Fig. 5. Expected number of events as a function of the assumed jet
Lorentz factor Γb under the assumption that the jet is pointing towards
Earth. The plotted numbers correspond to a 10◦-signal-region and cut
level 3 at which the background rate is 0.03 Hz.

Fig. 6. Constraints on the jet parameters Ej and Γb where E51.5 =

1051.5 erg. For each assumed emission time scale τe, the colored regions
are ruled out at 90% confidence level.

is scaled with Ej Γ
2
b which accounts for the energy release and the

beaming of the neutrino emission. At high boost factors, radia-
tive cooling of mesons sets in at lower energies than hadronic
cooling, i.e. Eπ (1)

ν, cb > Eπ (2)
ν, cb

(
EK (1)
ν, cb > EK (2)

ν, cb

)
for Γb >∼ 4 (Γb >∼ 9).

To derive constraints on Γb and Ej, we calculated the sig-
nal expectations in the intervals Γb = 1.5−10 and Ej =

1051−1052 erg. As Fig. 5 shows, the less efficient cooling as well
as stronger beaming in more relativistic jets leads to a drastic in-
crease in the signal expectation. Increasing Γb places more neu-
trinos at high energies >∼1 TeV where IceCube is more sensi-
tive, though the corresponding reduction in the jet opening angle
leads to smaller probability of jet detection. The measured sig-
nal upper limit s̄ = 2.44 and the signal predictions si

(
Γb, Ej

)
for

each window can be used to constrain the jet parameters Ej and
Γb through si

(
Γb, Ej

)
< s̄i. Values of Γb and Ej not fulfilling this

relation are ruled out at 90% CL. These limits are illustrated in
Fig. 6.

Finally, the scenario proposed by Koers & Wijers (2007)
shall be examined briefly. Assuming that meson re-acceleration
leads to a simple power law neutrino spectrum in the relevant
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Where Should We Hunt (Fish)?
1. Nonthermal neutrinos from low-power jets

- transrelativistic SNe (low-luminosity GRBs)
or SN Ibc-BL (hypernovae) or even SNe Ibc

- GRB jets in blue supergiants (failed UL GRBs)
- GRB jets in red supergiants (SNe II)

2. Quasithermal neutrinos from high-power jets
- neutron-loaded outflows



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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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
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“shock breakout” 
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see also
KM & Ioka 13 PRL
Nakar 15 ApJ
Tamborra & Ando 16 PRD

GRB rate. In Fig. 3, we show the pγ component for the EJ
model, while the pp component is less important.
By definition, LL GRBs have gamma-ray counterparts,

which are attributed to the shock breakout emission in the
CJ-SB model or jet emission in the EJ model. Regardless of
the viability of each model as an explanation for LL GRBs,
the existence of choked jets is naturally expected and
should be anticipated in any situation with a jet buried deep
inside a star with or without extended material around it. In
the CJ model, there is no obvious high-energy electromag-
netic counterpart. It is known that long GRBs are associated
with core collapse SNe (e.g., GRB 060218/SN 2006aj,
GRB 980425/SN 1998bw, and GRB 100316D/SN
2010bh). These SNe tend to be Type Ibc, meaning little
to no hydrogen or helium is observed in the ejecta. There
are also broad-line Type Ibc SNewhich are often referred to
as hypernovae. SNe associated with LL GRBs (although
they are not necessarily hypernovae) are also characterized
by transrelativistic ejecta. It is then reasonable to assume
that a significant fraction of broad-line Type Ibc SNe or
hypernovae, even those without accompanying GRBs,
contain a choked jet such as in the CJ model. A joint
investigation between IC and the ROTSE Collaboration
attempted to detect optical transients from Type Ibc SNe
coincident with neutrino multiplets [89]. No such events
were found, but an upper limit on the rate of SNe with a jet
was found to be ≲4.2% of the assumed rate of ccSNe
within 10 Mpc. This study could be replicated using
neutrino singlets from IC and the All-Sky Automated
Survey for Supernovae (ASAS-SN; www.astronomy
.ohio‑state.edu/ assassin) network to further constrain our
CJ model.

More specific results involving the CJ scenario are
shown in Fig. 4. Although the model uncertainty is large
(since ξCR for GRB jets is not well known), our results
indicate that it is possible for choked jets to achieve the
observed level of the diffuse neutrino flux. In principle,
lower values of ξCR could be compensated by larger values
of fcho. We set a rough upper limit on the choked jet
contribution by using the observed hypernova rate, RHN ≈
4000 Gpc−3 yr−1 [22,63], which gives fcho ≲ 40 [11]. A CJ
rate similar to that of HNe is also in agreement with
Ref. [68], which considered neutrinos from electromag-
netically dim sources. They found that transients with a rate
of≲105 yr−1 up to z ∼ 1 could produce a detectable flux of
neutrinos. A similar result is also obtained by Ref. [72].
Using the assumed rate and CR energy injection per

event, the all-flavor diffuse neutrino flux is analytically
estimated to be

E2
νΦν ≃ 0.76 × 10−7 GeVcm−2 s−1 sr−1fsup min½1; fpγ"

×
!
ξz
3

"!
fchoECRRLL

1045 ergMpc−3 yr−1

"
R−1

p;1; ð17Þ

where fsup is the suppression factor due to meson and muon
cooling, ξz is a factor accounting for redshift evolution of
the rate [90,91], and Rp ¼ lnðεMp =εmin

p Þ ∼ 10 is the bolo-
metric correction factor. Interestingly, even this simple-
minded calculation is remarkably close to the measured
all-flavor diffuse flux of neutrinos [5],

E2
νΦob

ν j30 TeV ∼ 10−7 GeV cm−2 s−1 sr−1: ð18Þ

Murase et al. [27] showed that neutrino sources obscured in
the GeV-TeV gamma-ray range are necessary to explain the
IceCube data below 100 TeV with extragalactic sources,
independently of the neutrino production mechanism. LL
GRBs and choked jets satisfy this criterion, and their
contribution to the extragalactic gamma-ray background
is negligible.
As a lower limit, for given parameters we can use the rate

of observed LL GRBs (i.e., excluding choked jets
without prominent shock breakout emission). Noting
that the emitted CR energy is roughly the same as that
for hypernovae, RLL ∼ 100 Gpc−3 yr−1 results in
E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1, which is compatible with

the IceCube data above 100 TeV. Using modest values of
fcho ∼ a few allows us to reasonably fit the IceCube data
obtained from the combined analysis.
One can set an optimistic upper limit for the contribution

of orphan neutrinos from choked jets by assuming the same
spectral shape as in the CJ-SB model with CR energy
injection rate of QCR ≲ 1046 ergMpc−3 yr−1. This upper
limit is set by the reasonable expectation that the CR
injection by GRB jets does not exceed the CR injection by
SN remnants (see Ref. [27]). Note that the CR injection
rate inferred by observations of the Galactic CRs is

FIG. 4. All-flavor diffuse neutrino fluxes from choked jets.
Neutrino emission from LL GRBs is shown for the CJ-SB model
(this work) and the EJ model [29]. In addition, orphan neutrino
emission from choked jets is included (thick curves). See the text
for details.
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scenario
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Choked Jets Embedded in BSGs/RSGs

red supergiants (SNe II)

Carpio & KM 19
(see also KM & Ioka 13)

8

Liso t Γ Acj Rcj(z = 0) NS(Nνµ > 1) NS(Nνµ > 2) NS(Nνµ > 3)
ergs−1 s M−1

⊙
Gpc−3yr−1 yr−1 yr−1 yr−1

Soft Phase 3.3× 1048 3.3× 104 100 1.4× 10−3 2.1× 104 2.0 0.77 0.42
Intermediate Phase 3.3× 1048 3.3× 104 10 3.0× 10−4 4.5× 103 2.1 0.78 0.42

Hard Phase 1.0× 1051 1.0× 102 100 1.0× 10−4 1.5× 103 2.5 0.81 0.45

Table 1
Isotropic luminosity Liso, Lifetime t, and Lorentz Factor Γ of the Jet, Constrained Normalization Parameter Acj, and Constrained Local
Rate of the Choked jets Rcj for the Single-component Fitting in Figure 4. In the last three columns, NS(Nνµ > 1), NS(Nνµ > 2), and
NS(Nνµ > 3) denote the expected amount of sources from which more than 1, 2, and 3 muon neutrinos can be detected by IceCube per

year, respectively.

1.0×1051 erg, which we adopt in this paper, is typical for
a SN, and the constrained local choked jet rate is about
1.5×103 − 2.1×104 Gpc−3 yr−1, as seen in Table 1. For
comparisons, the required event rate is larger than the
rate of observed successful GRBs, where the rate of high-
luminosity long GRBs (with isotropic luminosity above
1050 erg s−1) is 0.8+0.1

−0.1 Gpc−3 yr−1, and the rate of low-
luminosity long GRBs (with isotropic luminosity above
5×1046 erg s−1) is 164+98

−65 Gpc−3 yr−1(Sun et al. 2015).
However, the required event rate is only about 1%−20%
of the typical type-II SN rate, ∼ 105 Gpc−3 yr−1 (Atteia
2013), which is consistent with our assumption.
Since the angular resolution of observing muon neu-

trinos is better than that of observing the other flavors,
considering the beam correction, we calculate the rates of
observing more than 1, 2, and 3 muon neutrinos for the
three parameter sets based on the constrained source rate
for the single-component fitting, and list them in the last
three columns of Table 1. Here we assume the ratio be-
tween the three flavors is approximated to 1 : 1 : 1 due to
their oscillations (Learned & Pakvasa 1995; Athar et al.
2000), although the real flavor ratio is slightly different
from 1 : 1 : 1 considering their oscillations in the stellar
envelope (Sahu & Zhang 2010). As we can see from Ta-
ble 1, IceCube can observe about four triplets of muon
neutrinos during 10 years of operation.
As seen in Figure 4, the hard phase (dotted line) pro-

duces a hard spectrum with a cutoff at ∼ PeV, while
the soft phase (dashed line) produces a soft spectrum
with a cutoff at lower energy, but cannot produce PeV
neutrinos. If we assume that both the hard and the
soft phases contribute to the neutrino spectrum, one can
get a soft spectrum with a cutoff at ∼ PeV. The two-
component spectra, assuming that the flux ratio of the
hard phase to the soft phase at 10 TeV is 0.2, are plot-
ted in the upper panel of Figure 5. The existence of the
cutoff at ∼ PeV is evidence of this model. If the en-
ergy of the cutoff is above a few to 10 PeV, one needs an
additional component to explain the ≥ PeV neutrinos.
Neutrinos from AGN cores (Stecker 2005) or from dis-
tant blazars(Kalashev et al. 2013) may contribute at the
≥ PeV energy, and neutrinos from the choked jets con-
tribute at the lower energy. This possibility is plotted in
the bottom panel of Figure 5.

8. OBSERVATIONAL PREDICTIONS

The choked jet in our model might not result in GRBs,
rather, it might result in a type-II (especially type-IIP,
Arcavi 2017) SN, since the total jet energy exceeds the
gravitational binding energy of the progenitor star. This
is consistent with the observations that only a small frac-

Figure 4. Diffuse neutrino spectra for three parameter sets as
in Figure 3. The light gray squares denote the data from the Ice-
Cube combined analysis (IC2015, Aartsen et al. 2015a), and the
black diamonds denote the IceCube six year HESE data (IC2017,
IceCube Collaboration et al. 2017).

tion of SNe are associated with GRBs.
After the central engine stops, the jet tail catches up

with the jet head after δt1 = Rh/βc, where βc ≃ c is
the velocity of the jet tail. Then the jet head starts
to decelerate and propagate like a jet-driven SN ex-
plosion (Nagataki 2000). Since the typical radial ve-
locity of an SN shock is about vsh ∼ 109 cm s−1

(Wongwathanarat et al. 2015), the time for the jet head
to break out through the outer stellar envelope, with
length of (R − Rh), is evaluated as δt2 ≃ (R − Rh)/vsh,
where R and Rh are the radii of the star and the jet
head. Meanwhile, it takes δt3 = (R − Rh)/c for neu-
trinos to reach the stellar surface. Therefore, the ob-
served time delay of photons from the beginning of the
SN explosion to neutrinos is δt = δt1 + δt2 − δt3 =
R(1/vsh − 1/c)− Rh(1/vsh − 2/c) = 3.2 × 104 s R13.5 −

8.4×103 s L1/4
iso,48t

1/2
4 ρ−1/4

H,−7. We note here, since the light
curve of the SN explosion takes a few days to a few tens
of days to reach the peak flux, we may not be able to de-
tect photons at the very beginning of the SN explosion.
Fortunately, the light curve of Type II SNe usually ex-
tends from around a hundred days to a few hundred days,
we have a large time window to observe them. Once we
observe an SN spatially associated with a muon neutrino
triplet, we can trace back to the explosion time according
to the observed light curve, and then measure the time
difference between the neutrino burst and the explosion.

blue supergiants (failed UL GRBs)

He et al. 2018 ApJ

n oscillation w. matter effectsn attenuation by matter
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Figure 7. Comparison of the numerical results of our analysis (heat map, see figure 6) with the
90% upper limit determined by eq. (4.2). The white solid line corresponds to the 90% upper limit
using the 28 SNe with measured redshift, while the black dashed line corresponds to the analytic 90%
confidence level using eq. (4.2) and 131 SNe from May 2010–May 2017 (see text for details).

The probability P
>90 of observing more neutrinos given a signal rate (n

s

), assuming the
average isotropic equivalent CR energy released per burst is Ẽcr = Ecr fjet, is given by

P
>90 =

N

bkg,90X

y=0

(n
s

+ n
b

)y e�(ns+nb)

y!
, (4.2)

where n
s

is estimated to be

n
s

= ��1
lim

Ẽcr
32⇡C

N

snX

j=1

1

D2
L,j

, (4.3)

For the 28 SNe in our sample with a measured redshift, this gives Ẽcr,90% ⇠ 1052 erg.

Figure 7 compares the heat map of our numerical results (as seen in figure 6) with the
analytic results produced by eq. (4.2) (white solid line). We see that there is reasonable
agreement between the shape of the exclusion region from both methods, as well as the
location of the 90% confidence limit at Ecr ⇠ 1052 erg (for fjet = 1). With an additional 6
years of IceCube data, we find using eqs. (4.1)–(4.2) that the 90% confidence limit on Ecr can
be improved by a factor of ⇠ 10 (see figure 7 black dashed line, which was calculated using
131 Type Ibc SNe that were observed between May 2010–May 2017 with an extrapolation of
the expected neutrino background rate for 7 years of data from 1 year of data).
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Searches for HE Neutrinos from Supernovae

• Present constraints: Ecr<1051-1052 erg (if all SNe emit ns)
• Future multimessenger searches: improved w. more SNe (ZTF, LSST etc.)
• Angular resolution is crucial (Gen2 & KM3Net for both showers & tracks)

public 6 yr HESE data w. 222 SNe Ibc public 1 yr upgoing nµ data w. 28 SNe Ibc

1 yr
(28 SNe)

7 yr
(131 SNe)

Stacking analyses on SNe (~week) w. open SN catalogue

Senno, KM & Meszaros 18 JCAPEsmaili & KM 18 JCAP



Where Should We Hunt (Fish)?
1. Nonthermal neutrinos from low-power jets

- transrelativistic SNe (low-luminosity GRBs)
or SN Ibc-BL (hypernovae) or even SNe Ibc

- GRB jets in blue supergiants (failed UL GRBs)
- GRB jets in red supergiants (SNe II)

2. Quasithermal neutrinos from high-power jets
- neutron-loaded outflows



Fate of Neutron-Loaded Outflows

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

“decoupled”
neutron flow

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 Neutron Collisions

• Quasithermal (nonthermal CRs unnecessary)
n energy: en~0.1GGrelmpc2~100 GeV(G/500)(Grel/2)

• Efficient p production (inelastic dissipation of ns)
n flux: en2fn~eg2fg: calibrated by prompt emission

Ek
iso/Eg

iso=4
Eg

iso=1053.5 erg
G=600, z=0.1

KM, Kashiyama & Meszaros 13 PRL
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Particle Acceleration in Radiation-Dominated Regions?

Neutron-proton-converter acceleration (“NPCA”)
- Naturally occurs at radiation-mediated shocks
- Multi-TeV n emission is enhanced by an additional boost ~G2
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(Derishev+ 03 PRD)

(KM, Kashiyama & Meszaros 13 PRL)

internal shocks occurring in neutron-loaded relativistic
outflow even in the radiation-mediated regime, where the
conventional Fermi shock acceleration would be inefficient
[33,34]. We showed that !!2

rel min½1; !2pn#% of the
neutron-flow energy may be converted to nonthermal
nucleons with boosts of * 0:5!2

rel.
So far, we only took into account the hadronuclear

collision. In fact, other energy-loss processes may deter-
mine the maximum energy obtained by the NPC accelera-
tion. In the case of GRBs, the Bethe-Heitler process
pþ " ! pþ e% þ eþ would become crucial for suffi-
ciently high-energy protons. For a blackbody spectrum,
this gives a maximum Lorentz factor of "d;max &
2mec

2=CkBTd, where C is the prefactor, taking into
account the effect of the Wien tail. In addition, the NPC
acceleration becomes inefficient for #ð"uðdÞÞ & 1, where
the pitch angle of a proton is no longer isotropized before
the next conversion or crossing the shock. Then, it becomes
difficult to cross the shock from the downstream to the
upstream. Also, the typical pitch angle in the upstream
becomes h$ui ( 1% 1=!2

rel, as in the case of the Fermi

acceleration, which makes the energy gain per cycle nega-
tive hEf=Eii< 1 due to the inelasticity of the collisions.
This sets another constraint of "d;max & #ð1Þ.
Consequently, the maximum Lorentz factor by the NPC
acceleration can be described as

"d;max ( min
!
2mec

2

CkBTd
;

eBu

%pnmpc
2nu

"
: (7)

For instance, substituting ! ¼ 600, !rel ¼ 3, !pn ¼ 1, and
#ð1Þ ¼ 106, which is a possible parameter set for a suc-
cessful GRB jet [26], the NPC acceleration can give
"d;max ! 200 if C! 6. The by-product neutrino energy
can be E& ( 0:05!"dmpc

2 ! 6!2:7"d;2:3TeV in the
observer frame. Such a high-energy tail is crucial for the
detection of subphotospheric neutrinos from GRBs, as
shown in Ref. [26].
In this work, we adopted a test-particle approximation

assuming that the neutron fraction is less than unity, where
the backreaction on the background shock structure is
neglected. Once the total energy or pressure of accelerated
nucleons becomes significant compared to that of the
proton flow (rather than the neutron flow), inelastic colli-
sions in the upstream contribute to deceleration of the
proton flow with the length scale ( 1=nu%pn and the
results should be affected.
Also, we assumed ordered magnetic fields for the

Monte Carlo simulations. One can expect turbulent mag-
netic fields especially in the shock downstream where the
proton diffusion has to be considered. We note that our
results would not change much if the diffusion velocity is
slow so that the protons cannot cross the shock to the
upstream. If not, the conventional shock acceleration can
work effectively after the neutron injection. Those cases
will be investigated in future work.
In addition, we treated the inelastic interactions based on

the simplified assumptions (i)–(iii). Assumption (i) is not
strictly valid in lower energies, where the conversion pro-
cesses occur slightly more frequently in total than in
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FIG. 3 (color online). The efficiency of the NPC acceleration.
The total energy of accelerated baryons by a single cycle is
normalized by that of the neutron injection. We fix "d;o ¼ !rel

and #ð1Þ ¼ 106. The circles, triangles, and squares correspond to
!pn ¼ 0:1, 1, and 2, respectively.
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Prospects for IceCube & KM3Net
• Dedicated searches below 100 GeV: crucial (DeepCore,ORCA)
• Reducing atmospheric n background is essential 

→ select only bright GRBs w. > 10-6 erg cm-2

20 yr (~1000 GRBs)
G=600, z=1
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KM, Kashiyama & Meszaros 13 PRL
see also Bartos, Beloborodov, Hurley & Marka 13 PRL



Diversity of High-Energy Transients
from KM & Bartos 19 ARNPS
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Schematic picture of various high-energy multimessenger transients.

observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS
In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares
In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
high-energy humps are explained by synchrotron emission and inverse Compton radiation from

490 Murase • Bartos

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

9.
69

:4
77

-5
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

/2
3/

19
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 
NS69CH17_Murase ARjats.cls October 9, 2019 20:34

Blazar flare Tidal
disruption event

Long γ-ray
burst

Engine-driven
supernova

Supernova

Progenitor

Black
hole

Star

Wind

Circumstellar
material

Wind

Ejecta

Disk

Choked
jet

Jet

Double black
hole merger

Short γ-ray burst
neutron star merger

Neutron
star

Gas

Dust torus

ν, γ

ν, γ

ν, (γ) 

ν, (γ)

ν, γ

ν, γ 

ν, γ

ν, γν

ν, γ

Figure 5
Schematic picture of various high-energy multimessenger transients.

observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS
In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares
In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
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observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS
In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares
In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
high-energy humps are explained by synchrotron emission and inverse Compton radiation from
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Diffusive Shock Acceleration in Supernovae?

• Young supernova “remnants”: 
diffusive shock (Fermi) acceleration: supported by simulations

• Naively, early CR and HE neutrino production is negligible
most of energy is in a kinetic form until deceleration (~300 yrs)

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

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
2
MejV

2
ej +

1
2
McsV

2
cs =

1
2
(Mej +Mcs)V

2 + Ed, (2)

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

!"#$%

&!'% &!'%

()(*"#%

SN 

!"#$%&'%$()*+,-+.%/&0%$"#)1+.2,3%4$5+"$%$()*+,-+.%

+,-*.+%

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

ϱcs = 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∗

c⃝ 2009 RAS, MNRAS 000, 1–18

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
2
MejV

2
ej +

1
2
McsV

2
cs =

1
2
(Mej +Mcs)V

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

ϱcs = 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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Evidence for Dense Material around Progenitor

• Known to exist for Type IIn SNe (Mcs~0.1-10 Msun)
• 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)

early spectroscopy
(Yaron+ 16 Nat. Phys.)

SN 2013fs

light curve modeling
Forster+ 18 Nat. Ast.
see also Morozova+ 17 ApJ

CSM

no CSM



Luminous Supernovae as Long-Duration Transients 

• SLSN-I (hydrogen poor) – enegy 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
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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
for I and II often have difficulty



High-Energy Neutrino “Light Curves”
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Next Galactic SN?
- SN II @ 10 kpc 
~100-1000 events of TeV n

- Betelgeuse: ~103-3x106 events
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IceCube/KM3Net



Global Neutrino View of Supernovae

- Galactic SN: first “multi-messenger” & “multi-energy” n source
- Real-time measurement of CR acceleration & testing Pevatrons
- KM3Net is the most relevant for HE n from the next Galactic SN 

MeV n

GeV-PeV n

~0.1-1 day~10 sec

Ln

En

Markus Ackermann  |  09/13/2013  |  Page  

Future neutrino telescopes.

> A gigaton detector is the scale needed to observe astrophysical neutrinos
> Need to go beyond the gigaton scale for “precision neutrino astronomy”.

> KM3NeT is the most advanced project to build a multi-gigaton neutrino telescope 
array.

31

KM3NeT  
• Distributed infrastructure for 

underwater neutrino telescopes.
• Detector sites off the coast of 

France, Italy, and Greece.
• Instrumented volume:

1-2 km³ (~5 km³ total)
• 1 TeV energy threshold.
• 40 M€ funding for phase-I 

available



Summary I
“Canonical” Gamma-Ray Bursts:
<1% of diffuse neutrino flux, but many related transients UNCONSTRAINED
Choked-Jet Supernovae:
Radiation constraints favor low-power jets that are more likely to be “choked”
low-luminosity GRBs, failed ultralong GRBs, choked jet SNe II
stacking searches by KM3Net & IceCube-Gen2 are crucial
Gev-TeV Neutrino Astrophysics:
Neutron-loaded outflows & TeV n signals enhanced by the NPCA mechanism
Searches below 1 TeV that will not be covered by Gen-2 → KM3Net!
Core-Collapse Supernovae:
Dense CSM guaranteed by optical observations & important for PeVatrons
Next Galactic SN: >10-100 HE n events from a normal SN II → KM3Net!



December 17 @ Marseille
Kohta Murase (Penn State) 

High-Energy Neutrinos from 
Choked Jets and Supernovae

&
(High-Energy Neutrinos from AGN Coronae)
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Medium-Energy Excess Problem

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ existence of “hidden (g-ray dark) 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 PRL

track
data

shower data (ICRC 2017)



Hidden Cosmic-Ray Accelerators?

KM+ 16 PRL

Low-power GRBs (choked jets) Supermassive black hole cores

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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Vicinity of Supermassive Black Holes

Cores of active galactic nuclei (mainly radio-quiet AGNs)

“standard”
accretion disk

corona

disk-corona model 
X-rays=Compton by thermal e

(not accretion shocks)
supported by observations &
theory (PIC/MHD simulations)



10-9

10-8

10-7

10-6

10-5

10-4

10-4 10-3 10-2 10-1 100 101 102 103 104 105 106 107

E2
[G

eV
 cm

-2
s-1

sr
-1

]

E [GeV]

 AGN (this work)
 AGN (cascade) (this work)  

AGN (thermal e) 
 AGN (in clusters) 
 AGN (w. blazars) 

reacceleration?

total

TeV-PeV Neutrino – “MeV” Gamma-Ray Connection

• Most economical for 10-100 TeV ns: only ~1% of thermal energy 
• “Unique” physical consequences of observed disk-corona SEDs

10-100 TeV n by X rays from coronae & MeV g by UV from accretion disks
• Dominance of Bethe-Heitler-induced cascades (ignored in previous work)
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• Guaranteed MeV g-ray counterparts: detectable by AMEGO etc.
• NGC 1068: top 1 in the north and consistent w. the multi-messenger data 
• Importance of shower search (<100 TeV), many in the south → KM3Net!!!

1. Circinus Galaxy
2. ESO 138-G001
3. NGC 7582
4. Cen A
5. NGC 1068
6. NGC 424
7. CGCG 164-019

Predicted Ranking

Strong prediction power: correlation w. X rays and MeV g rays

blue: south
red: north
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n and g-ray spectra of pp sources: s<2.1-2.2 (KM, Ahlers & Lacki 13 PRDR) 
→ “representative” sources should have s~2.0-2.1: promising  

nearby starburst galaxies (north)
IceCube 10 year observations

• Prediction: IceCube may see ~2-3s fluctuations (ex. NGC 1068) 
• But… spectrum is too soft & contradiction w. MAGIC g-ray limits

※M82 is not a representative SBG

s=2.0

bkg.

IceCube 10 year point-source 
NGC 1068: ~3s (post-trial)

IceCube 19



Summary II
“Canonical” Gamma-Ray Bursts:
<1% of diffuse neutrino flux, but many related transients UNCONSTRAINED
Choked-Jet Supernovae:
Radiation constraints favor low-power jets that are more likely to be “choked”
low-luminosity GRBs, failed ultralong GRBs, choked jet SNe II
stacking searches by KM3Net & IceCube-Gen2 are crucial
Gev-TeV Neutrino Astrophysics:
Neutron-loaded outflows & TeV n signals enhanced by the NPCA mechanism
Searches below 1 TeV that will not be covered by Gen-2 → KM3Net!
Core-Collapse Supernovae:
Dense CSM guaranteed by optical observations & important for PeVatrons
Next Galactic SN: >10-100 HE n events from a normal SN II → KM3Net!

AGN Coronae:
AGN corona model: unique connection to X-ray and MeV g-ray backgrounds
Strong prediction power: nearby Seyferts such as NGC 1068 are promising
Importance of shower search (<100 TeV), many in the south → KM3Net!!!



Astrophysical Extragalactic Scenarios
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high star-formation 
→ many supernovae
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stacking and other searches 
disfavor blazar-type AGN
and classical g-ray bursts 
as the “dominant” n origin 
(exceptions: hidden sources)



Cosmic-Ray Reservoirs
Galaxy clusters/groupsStarburst galaxies

CR confinement 

target gas

magnetized region w. CR sources
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“cosmic-ray
reservoirs”

low-energy CRs are 
confined by magnetic fields

kpc
B~0.1-1 mG

Mpc
B~0.1-1 µG

sufficiently high-energy CRs
escape without interactions

n, g
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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-
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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
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We consider implications of the IceCube signal for hadronuclear (pp) scenarios of neutrino sources

such as galaxy clusters/groups and star-forming galaxies. Since the observed neutrino flux is comparable

to the diffuse !-ray background flux obtained by Fermi, we place new, strong upper limits on the source

spectral index, ! & 2:1–2:2. In addition, the new IceCube data imply that these sources contribute at least

30%–40% of the diffuse !-ray background in the 100 GeV range and even !100% for softer spectra.

Our results, which are insensitive to details of the pp source models, are one of the first strong examples

of the multimessenger approach combining the measured neutrino and !-ray fluxes. The pp origin of the

IceCube signal can further be tested by constraining ! with sub-PeV neutrino observations, by unveiling

the sub-TeV diffuse !-ray background and by observing such pp sources with TeV !-ray detectors.

We also discuss specific pp source models with a multi-PeV neutrino break/cutoff, which are consistent

with the current IceCube data.
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I. INTRODUCTION

High-energy neutrinos provide the ‘‘smoking-gun’’ signal
of cosmic-ray (CR) acceleration [1], and their detection with
the IceCube observatory has long been anticipated [2]. In
2012, the IceCube Collaboration announced the detection of
two PeV shower events observed during the combined
IC-79/IC-86 data period [3]. A recent follow-up analysis
[4] of the same data uncovered a spectrum of 26 additional
events at lower energies. These new data are consistent
with an isotropic neutrino background (INB)fluxofE2

"""i !
10"8 GeV cm"2 s"1 sr"1 (per flavor) around PeV [3,4], in
agreement with the conventional Waxman-Bahcall bound
[5]. A break/cutoff at E" ! 1–2 PeV is suggested for hard
spectra with spectral indices of !! 2, since no events were
found at higher energies where the effective area is larger
especially due to the Glashow resonance at 6.3 PeV [4,6].

The origin of the IceCube signal is unknown. Among
extragalactic neutrino sources, jets and cores of active
galactic nuclei (AGN) [7,8] and !-ray burst (GRB) jets
[9,10] have been widely studied, where the photohadronic
(e.g., p!) reaction is typically the main neutrino genera-
tion process. On the other hand, large scale structures
with intergalactic shocks (IGSs) and AGN [11,12], and
starburst galaxies (SBGs) [13] may significantly contrib-
ute to the INB mainly via the hadronuclear (e.g., pp)
reaction. It is crucial to discriminate pp and p! scenarios
to identify the neutrino sources. In this work, we consider
the pp origin and show that it can be tested with the
multimessenger approach in the next several years.

Recently, Fermi improved limits on the diffuse isotropic
!-ray background (IGB) by !10 times compared to
EGRET [14], so the known connection between the INB
and the IGB [15] leads to stronger constraints on neutrino

emission. Although p! emission, especially a cosmogenic
signal, has been the main interest (e.g., [16,17]), pp
sources have not been explicitly studied. There is an im-
portant difference between the pp and p! cases. In p!
scenarios, secondary spectra typically have a strong energy
dependence (rising at # GeV energies) due to the thresh-
old and dominance of resonant channels. In contrast, the
approximate Feynman scaling of pp reactions leads to
power-law secondary spectra stretching from GeV ener-
gies, following the initial CR spectrum. Hence, normaliza-
tion of the neutrino spectrum at PeV energies has
immediate consequences on !-ray spectra at lower ener-
gies, giving us powerful constraints on pp scenarios.
The new IceCube data show that the total INB flux is

comparable to the diffuse IGB flux [3,4]. This enables us
to obtain the allowed range in viable pp scenarios for
the first time. Our conclusion that the pp sources must
have ! & 2:1–2:2 implies that the pp origin can be tested
by (a) determining ! by IceCube, (b) resolving sources
by Fermi and understanding the diffuse IGB, and
(c) observing more individual sources with TeV !-ray
telescopes, especially the future Cherenkov Telescope
Array (CTA) [18]. Our results are insensitive to redshift
evolution and even remain valid for Galactic sources
when we regard the observed neutrino flux as isotropic.
We briefly discuss specific sources with a neutrino break/
cutoff around PeV. Throughout this work, we use
Ax ¼ A=10x and cosmological parameters with h ¼ 0:71,
#m ¼ 0:3, and #$ ¼ 0:7.

II. THE MULTIMESSENGER CONNECTION

We generally consider pp neutrinos produced inside the
sources, which more specifically include galaxy clusters
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dependence (rising at # GeV energies) due to the thresh-
old and dominance of resonant channels. In contrast, the
approximate Feynman scaling of pp reactions leads to
power-law secondary spectra stretching from GeV ener-
gies, following the initial CR spectrum. Hence, normaliza-
tion of the neutrino spectrum at PeV energies has
immediate consequences on !-ray spectra at lower ener-
gies, giving us powerful constraints on pp scenarios.
The new IceCube data show that the total INB flux is

comparable to the diffuse IGB flux [3,4]. This enables us
to obtain the allowed range in viable pp scenarios for
the first time. Our conclusion that the pp sources must
have ! & 2:1–2:2 implies that the pp origin can be tested
by (a) determining ! by IceCube, (b) resolving sources
by Fermi and understanding the diffuse IGB, and
(c) observing more individual sources with TeV !-ray
telescopes, especially the future Cherenkov Telescope
Array (CTA) [18]. Our results are insensitive to redshift
evolution and even remain valid for Galactic sources
when we regard the observed neutrino flux as isotropic.
We briefly discuss specific sources with a neutrino break/
cutoff around PeV. Throughout this work, we use
Ax ¼ A=10x and cosmological parameters with h ¼ 0:71,
#m ¼ 0:3, and #$ ¼ 0:7.

II. THE MULTIMESSENGER CONNECTION

We generally consider pp neutrinos produced inside the
sources, which more specifically include galaxy clusters
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Figure 2. The spectrum of the starburst galaxy NGC 253 from a combined analysis of Fermi (blue
points) and HESS (red points and red band) [38]. The green band represent the flux above 50 GeV.
The observed data points are well fitted by an E�2.15±0.10 spectrum, with an uncertainty of ⇠ 25% on
the normalization. The IceCube 7-year point source limit for a harder E�2 spectrum and NGC253’s
declination � ' �25� is represented by the dashed line [64].

with the measured one. The infrared luminosity of NGC253 corresponds to 2⇥ 1010L� (see
Fig. 1 of [30]), where L� is the luminosity of the Sun. For Starburst Galaxies with this
infrared luminosity the local density is 1 ⇥ 10�4 Mpc�3 according to Fig. 10 of [62], i.e. 10
times smaller than that adopted in our benchmark model (see Tab. 2). However, one has
to consider various elements: i) this value depends on the spectral index; for example, the
local density required for an E�2 spectrum is 2 ⇥ 10�4 Mpc�3 (see Tab. 2); ii) Starburst
Galaxies are not the only sources contributing to the neutrino flux, since HAGS denote a
larger class of objects, in which also Star Forming - AGN with Starburst characteristics are
included. These objects are likely to be close to calorimetric, providing a hard neutrino
spectrum. According to Tab. 1 and Tab. 2 in [12], the local density of Star Forming - AGN
(SB) is 1.5⇥ 10�4 Mpc�3; iii) the relevant quantity is not the local density of the considered
benchmark object, but the product between the local density and the �-ray luminosity. In
our benchmark model, with ⇢

0

= 10�3 ⇥ Mpc�3 and L0.1�100

� = 6⇥ 1039erg/s in the energy
range 0.1-100 GeV (see Fig. 1 of [30]), the required local luminosity density is

⇢
0

L0.1�100

� = 2⇥ 1044 erg Mpc�3 yr�1, (3.1)

to power the throughgoing muon flux. This value can be compared with Ref. [63], in which
the luminosity function of Starburst galaxies has been explicitly included. From Fig. 3 of
[63] relates a source density ⇢

0

= 10�5 Mpc�3 to the luminosity L10

4�10

7

⌫µ = 3⇥ 1040 erg s�1

in the energy range 104 GeV and 107 GeV. For what is discussed above, L� ' 2/3L⌫ in pp
interaction and considering the neutrino flavor equipartition coming from neutrino oscillations
L� = 2L⌫µ . To convert the luminosities computed in the di↵erent energy ranges, one obtains

for an E�2.2 spectrum L0.1�100

� = 1/10 L10

4�10

7

� . Therefore our result in Eq. 3.1 is not in
contradiction with [63], demonstrating consistency of our simplified approach.

Figure 3 confirms that a neutrino spectrum of the form dN/dE⌫ / E�2.12
⌫ with a source

energy cuto↵ at 10 PeV is well in agreement with the TGM measurement and with the
high-energy part of HESE. Smaller cuto↵ values are generally found to yield a better com-
patibility with the EGB, gradually falling short in explaining the highest energy neutrinos.
An energy cuto↵ of 10 PeV for neutrinos at the source corresponds to an average cuto↵ of
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Figure 4. Di↵use neutrino intensity E2

⌫I⌫(E⌫) as a function of the energy. The magenta line is the
flux obtained adopting the luminosity function approach, the pink band defines the uncertainty band
coming from Eq. (2.4). The IceCube estimated flux as from [35] is marked by the light blue band. Our
computed flux falls within the astrophysical uncertainties on the IceCube region at ⇠ 0.5 PeV energies.
For comparison the di↵use neutrino intensity including an exponential cuto↵, exp(�E⌫/80 TeV), is
plotted in violet.

intensity is always slightly lower than the Fermi data, �
SB

= 2.05 is currently excluded by
the IceCube data (top panel). In order to allow such hard spectra, lower ratios of L� to
L
IR

are needed. On the other hand, interestingly, an injection spectral index �
SB

= 2.15
can almost explain the Fermi and IceCube data at the same time (middle panel), although
some contributions from other gamma-ray source populations are needed to fit the di↵use
EGRB spectrum. The panel on the bottom shows the di↵use intensities of gamma rays and
neutrinos for �

SB

= 2.3: The resultant gamma-ray intensity is lower than the one measured
by Fermi and the corresponding neutrino flux falls below the IceCube band. In order to
give an idea of the role of the EBL attenuation for various spectral indices, in Fig. 5 we plot
the di↵use gamma-ray intensity without EBL attenuation (dashed magenta line). Note as it
closely follows the di↵use neutrino intensity and the EBL attenuation is stronger for harder
spectral indices.

In our canonical model we have assumed the spectrum with �
SF�AGN(non�SB)

= �
NG

and �
SF�AGN(SB)

= �
SB

, as described in Sec. 2.2. However, besides �
SB

, also �
SF�AGN

is
pretty uncertain and might not follow the distribution adopted in out canonical model. For
example, Seyfert systems (belonging to the SF-AGN class) are classified as SF-AGN (non-
SB) according to Herschel [27], while Fermi classifies the observed Seyferts systems NGC
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Ex. Starburst Galaxies

1. ~mG environments
2. Hypernovae & GRBs
4. Type IIn/IIb supernovae
5. Super-bubbles
6. AGN disk-driven flows
7. Galaxy mergers

Several starbursts are seen by g rays
(M82, NGC253, NGC 1068, Arp 220 etc.)

Two challenges:
1. Confinement of CRs up to 100 PeV

D1GeV~1025-1026 cm2/s
<< 1028 cm2/s (for Milky Way) 
supernova-driven? CR-driven?

2. Necessity of 100 PeV accelerators
Milky Way: knee at ~3 PeV → ~100 TeV cutoff

KM+ 13, Liu+ 14, Senno+ 15

Zirakashvilli & Ptuskin 16
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Kashiyama & Meszaros 14, Yuan, KM+ 18
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Figure 2. Gamma-ray spectrum of NGC 1068 in the HE and VHE band. The Fermi-LAT data points are from Lamastra et al.
2016 (P8), and from Ajello et al. 2017 (3FHL). The purple arrows indicate upper limits at 95% confidence level derived from
the analysis of MAGIC data (⇠125 hours) presented in this paper. The green and orange lines show the gamma-ray spectra
prediced by the AGN jet (Lenain et al. 2010) and starburst (p=2.5, Ecut=108 GeV, and ⇠=0.04, Eichmann & Becker Tjus
2016) models, respectively. The shaded grey band indicates the upper (p=2, Ecut=6⇥106 GeV, and ⇠=0.25) and lower (p=2,
Ecut=3⇥105 GeV, and ⇠=0.2) bounds of the gamma-ray emission predicted by the AGN wind model as proposed by Lamastra
et al. 2016. For the sake of clarity, the predictions of the revised AGN wind model (Lamastra et al. 2019) are not shown, since
they do not di↵er from that by Lamastra et al. 2016 at energies smaller than 10 TeV. For comparison, the spectrum predicted
by the AGN wind model that is obtained by assuming one of the combinations of CR proton spectral parameters compatible
with the MAGIC upper limits (p=2, Ecut=8⇥103 GeV, and ⇠=0.2, see Figure 3) is shown with the dark grey line.

where the intense optical and near infrared emission produced by the active nucleus and the surrounding dusty torus
(Hönig et al. 2008) could act as the target photon field for both photohadronic gamma-ray and neutrino emissions and
for pair production (e.g. Murase et al. 2016; Inoue et al. 2019).

5. CONCLUSIONS

The results from the MAGIC observations of NGC 1068 imply that the gamma-ray spectrum could be either entirely
produced by leptonic processes, as in the AGN jet model, or, if a hadronuclear component is present, as envisaged in
the AGN wind or in the starburst models, the accelerated proton population should have soft spectra (p &2.2) and/or
low maximum energy (Ecut '104 GeV).
At present, it is not possible to resolve spatially the emission from the di↵erent components (jet, starburst, molecular

disk) in the gamma-ray band with Fermi-LAT, thus no strong conclusions can be drawn on their relative contributions
to the observed emission. This obstacle could be overcome in principle with observations in the radio band that can
potentially benefit also from spatial information. However, the presence of the radio jet in the inner 100 pc hampers
the identification of any emission not originating from the jet or the compact nucleus.
Improving our understanding of the emission mechanisms in star forming galaxies and AGN is crucial to test source

population models of the extragalactic gamma-ray and neutrino backgrounds. Indeed, although coincident observations
of neutrinos and gamma rays from the blazar TXS 0506+056 represent a compelling evidence of the first extragalactic
neutrino source (Aartsen et al. 2018; Ansoldi et al. 2018), independent analyses indicate that blazars can account only
for a small fraction of the di↵use neutrino flux measured by IceCube (Padovani et al. 2016; Murase & Waxman 2016;
Aartsen et al. 2017).
The astrophysical high-energy neutrino flux observed with IceCube is consistent with an isotropic distribution of

neutrino arrival directions, suggesting an extragalactic origin. Star-forming galaxies such as NGC 1068, could be the
main contributors to the observed neutrino emission. The increase of the sensitivity up to a factor ⇠10, as envisaged
in the the next generation of neutrino detectors (such as Km3Net and IceCube-Gen2), will allow the detection of
neutrinos from the starburst and AGN-wind scenarios described here. At the same time, the improved sensitivity of

future CTA. The 5σ significance discovery potential for
point sources is used. We consider 2.0 ≤ s≲ 2.2. The upper
limit on s is set by the isotropic diffuse gamma-ray
background measured in the 0.1–820 GeV range
(gamma-ray sources with larger values of s that explain
the observed IceCube neutrino intensity produce a
gamma-ray background violating the Fermi data [18]).
Using Eq. (2) for CR reservoir models, the number density
of neutrino sources reachable by gamma-ray detectors is
approximately given by

neff0 ∼ 2 × 10−5 Mpc−3
!

E2
γΦγ

2 × 10−8 GeVcm−2 s−1 sr−1

"
3

×
!
ξz
3

"−3! Flim

10−10 GeV cm−2 s−1

"−3!ΔΩ
2π

"
2

: ð10Þ

For Fermi-LAT (0.1–300 GeV) and HAWC (0.3–100 TeV),
which are observatories with a wide field of view, their
discovery potentials imply that SBGs and GCs or GGs,
predicting neff0 ∼ 10−5 Mpc−3, can be discovered for
s ∼ 2.2. Note that Fermi’s all-sky survey should have
yielded a detection of a few sources for sources with
s ∼ 2.2 and a density of∼10−5 Mpc−3, as expected for SBGs
and GCs or GGs. Indeed, high-energy gamma-ray emission
from several nearby SBGs has been detected [76,106],
consistent with the prediction of the SBG model in which
SBGs are the sources of IceCube’s neutrinos. The non-
detection ofGCs orGGs does not yet rule out these objects as
candidate sources, since nearby objects of this type are
extended (for Fermi’s resolution), and the flux sensitivity for
extended sources is worse than that for point sources.
For CTA (0.02–300 TeV), which is a narrow field-of-

view observatory, the single source discovery line refers to

a study of catalogs of known sources which are suggested
as neutrino source candidates, assuming 50 hr integration
per source. We do not assume the survey mode. Figure 7
implies that, if SBGs or GCs or GGs or perhaps RL AGN
are responsible for the observed high-energy neutrino flux,
single neutrino source candidates found by IceCube-Gen2
via, e.g., multiplet or stacking analyses should be discov-
ered with multi-TeV gamma-ray observations (even for a
hard spectral index s ¼ 2.0). We note that follow-up
observations of high-energy muon neutrino events would
also be useful.
Among the nearby (< 100 Mpc) SBGs in the catalog

used in Ref. [76], 18 SBGs have LIR ≳ 1011L⊙, which can
be representative neutrino sources in the calorimetric SBG
model. The promising targets in the northern sky include
NGC 2146, NGC 1068, Arp 299, NGC 6701, NGC 7771,
NGC 7469, Arp 220, Mrk 331, NGC 828, Arp 193, and
NGC 6240, which can be detected by CTA if SBGs are the
sources of IceCube’s neutrinos.
For RL AGN, all 3FGL sources will be promising targets

for CTA. An important test is the measurement of time
variability. If neutrinos and gamma rays are produced via
inelastic pp interactions in their host galaxies or cluster
environment, significant variability is not expected.
Variable gamma-ray emission can exclude CR reservoir
models for RL AGN and will favor the emission from core
regions (where the internal attenuation may be relevant).
Finally, we note that a lower limit on the source density

may be obtained from the upper limit on the anisotropy in
the extragalactic gamma-ray background measured by
Fermi (Cp ≤ 2 × 10−20 cm−4 s−2 sr−1 at 20 GeV [111],
where Cp is the angular power spectrum). The recent
results obtained via the photon count fluctuation analyses
[22,23,112,113] can be used for additional constraints, and
the cross-correlation gives stringent limits on contributions
from star-forming galaxies including SBGs [114].

VI. DISCUSSION AND SUMMARY

We have derived in Sec. II constraints on the density and
luminosity of steady standard candle neutrino sources
dominating the high-energy, ≳100 TeV, neutrino flux
detected in IceCube, based on the nondetection of “point
sources” producing high-energy multiple neutrino-induced
muon tracks in the detector. The limits are given in Eqs. (7)
and (8) and illustrated in Figs. 3 and 4 [an upper limit on the
density of steady sources at a given luminosity, which is
valid for sources that do not necessarily dominate the flux,
is given in Eq. (5)].
These limits were applied in Sec. III to a wide range of

potential source classes, taking into account their redshift
evolution and LF. While the distribution of electromagnetic
luminosities, i.e. the photon LF, of different classes of
objects are known, the neutrino LFs of most source classes
are not known and are model dependent. We therefore did
not attempt a comprehensive analysis under different model
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FIG. 7. The local (z ¼ 0) number density of neutrino sources,
whose gamma-ray counterparts can be discovered by the current
Fermi (with eight-year observation), HAWC (with five-year
observation), and future CTA (with 50 hr observation per source).
We consider pp sources with EγLEγ
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(see the text for details). The solid red line corresponds to the
neutrino luminosity density indicated by the IceCube observa-
tion, as indicated by Eq. (6). The SFR evolution is assumed.
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Gamma-Ray Tests: Importance of TeV Observations 

• About 10 representative sources should be seen by CTA
• Possible to have strong constraints even w. current IACTs

MAGIC Coll. 19KM & Waxman 16 PRD

Starbursts & galaxy clusters/groups: g-ray transparent up to ~1-100 TeV
s~2-2.1 → promising for g-ray targeted (point-source & stacking) searches

NGC 1068g-ray constraints on number density

IceCube
prelim.

SBG, GC
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Neutrino-Gamma-UHECR Connection?

• Explain >0.1 PeV n data with a few PeV break (theoretically expected)
• Escaping CRs may contribute to the observed UHECR flux

(grand-)unification of neutrinos, gamma rays & UHECRs
simple flat energy spectrum w. s~2 can fit all diffuse fluxes

KM & Waxman 16 PRD

PeVn – confined CR
UHECR – escaping CR
sub-TeVg – “sum”



Ex. AGN Embedded in Galaxy Clusters/Groups

Fang & KM 18 Nature Phys.

• AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• escaping nuclei → “hard” spectrum
• smooth transition to cosmogenic n spectrum

“Unifying” >0.1 PeV n, sub-TeV g, and UHECRs (above 2nd knee at 1017 eV)
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Neutrino Tests: Detectability of Neutrino Sources

KM & Waxman 16 PRD

g-ray spectra of pp sources should be hard: s<2.1-2.2 (KM, Ahlers & Lacki 13) 
→ nearby “representative” sources w. s~2.0-2.1 are promising  

nearby galaxy clusters
IceCube 5 year observations

nearby starburst galaxies (north)
IceCube 10 year observations

• Current IceCube may see ~2-3s fluctuations (ex. NGC 1068?) 
• IceCube-Gen2 is necessary for discoveries anyway

※M82 is not a representative SBG
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Figure 15. Forecasted neutrino constraints on the total CR energy, Ecr, for five nearby GCs. The
uniform CR distribution is assumed. The Virgo cluster gives the most stringent constraint. The
shaded region indicates the typical total CR energy required in the scenario where GCs contribute to
the observed CR flux.
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Figure 16. Forecasted neutrino constraints on the CR energy fraction in the isobaric model, Xcr, for
five nearby GCs. The CR distribution is assumed to trace the thermal energy distribution. One sees
that the Perseus cluster gives the most stringent constraint.

energy in the PeV range is so small that the neutrino constraints should be weak. One sees
that the Virgo cluster gives the most stringent neutrino constraint, Ecr ! 1062 erg for s = 2.

Neutrinos with ∼ PeV energies are produced by protons with ∼ 30 PeV [29]. Although
it might be difficult to trap such high-energy CRs in GCs, it is useful to consider the isobaric
model as an optimistic case. In this case, CRs are more clustered around the GC center, so
the neutrino flux is enhanced for the same total CR energy. In figure 16, we show forecasted
neutrino constraints on the CR energy fraction in the isobaric model, Xcr. More massive
GCs are expected to be larger energy reservoirs and the neutrino flux is proportional to n2

N
rather than nN , so the order among the five clusters changes from that in figure 15. One sees
that the Perseus cluster gives the most stringent neutrino constraint, Xcr ! 0.03 for s = 2.
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