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Neutrinos: New Frontier in Astrophysics
Neutrinos are weakly interacting elementary particles. 

Escaping unimpeded, neutrinos carry information about sources not otherwise accessible. 

PhotonProton

Neutrino

Neutrinos: Ideal messengers



Truly Novel Property of Neutrinos
Neutrinos oscillate into each other by flavor mixing, because of their tiny non-vanishing mass.  

• Neutrino flavor ratio give us information about neutrino properties. 

• Flavor oscillations are affected by source matter distribution.

• In turn, flavor oscillations strongly affect source dynamics.  
          Study of flavor evolution allows us to learn about source properties.  
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Neutrino Astronomy
Several detectors are (or will be soon) sensitive to astrophysical neutrinos.

What could we learn by adopting neutrinos as messengers?

IceCube 
[IceCube-Gen2]

Baksan Super-Kamiokande
 [Gd-project,Hyper-K]

KamLAND

Detectors under planning/construction in parenthesis.

LVD, Borexino
[KM3NeT]

Daya Bay
[JUNO]

Micro-BooNE
SNO+, HALO

[DUNE]



1.  Energy distribution
dN⌫

dE⌫

E⌫[Similar to photons]

⌫e ⌫µ
⌫⌧

[Neutrinos only]

2.  Flavor ratio
Neutrinos provide us with:

Sun Supernovae Gamma-ray bursts, ...
Neutrinos are copiously produced in astrophysical sources: 

Neutrinos: Powerful Probes in Astrophysics



How Did We Learn About the Sun? Neutrinos!

Standard Solar Model

• Deficit of measured solar neutrino flux.        Discovery of neutrino oscillations. 

• Neutrino flux strongly dependent from Sun core structure.        Standard Solar Model Test.



The high-energy neutrino astronomy era has begun!

*  IceCube Collaboration, Science (2013); PRL (2014); ApJ (2015); PRL (2015). 

We can learn about highly energetic phenomena in our Universe through neutrinos!

Clear evidence for an astrophysical flux 

20162013 Detection of neutrinos with the 
highest energy ever observed. 

~ 60 neutrino events.



Where are these neutrinos coming from?

★ New physics?

★ Galactic origin [sub-dominant contribution]

★ Extragalactic origin 

Star-forming galaxies    Blazars  Gamma-ray bursts   

* Anchordoqui et al., JHEAp 1-2 (2014) 1. Meszaros, arXiv: 1511.01396. Waxman, arXiv: 1511.00815. 
  Murase, arXiv: 1511.01590. Credits for images: ESA, Hubble, NASA web-sites.
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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 SNe are driven by choked jets. Choked jets produce precursor neutrinos since the gamma-ray
emission comes from the SN shock breakout later than the neutrinos (e.g., [25]). 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.

the jet will be collimated for L̃ ! θ−4/3
0 or uncollimated

for L̃ " θ−4/3
0 .

First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be "a = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
0.6 − 3R#. For WR progenitors, we may take α =
2.5, leading to the jet head radius rh % 5.4 ×
1010 cm t6/51 L2/5

0,52(θ0/0.2)
−4/5(M∗/20 M#)

−2/5

R1/5
∗,11, where L0 = 4L0j/θ20 is the isotropic-equivalent to-

tal jet luminosity [20, 52]. The classical GRB jet is typ-
ically successful (i.e., it emerges), since the jet breakout

time tjbo ≈ 17 s L−1/3
0,52 (θ0/0.2)

2/3(M∗/20 M#)
1/3R2/3

∗,11 is

shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be

ρ(r) = 5.0×10−11 g cm−3

(

Mext

0.01 M#

)

r−3
ext,13.5

(

r

rext

)−2

,

(3)
and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by

Γh ≈
L̃1/4

√
2

% 3.5 L1/4
0,52ρ

−1/4
ext r−1/2

h,13.5, (4)

while the jet head radius is estimated to be

rh ≈ 2Γ2
hct % 2.3× 1013 cm L1/2

0,52ρ
−1/2
ext r−1

ext,13.5t1.5. (5)

The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition

Lγ ! LSJ
γ ≈ 0.95× 1048 erg s−1

( εγ
0.25

)

(

θj
0.2

)2

t−1
eng,1.5

× T−1
3.5 ρextr

4
ext,13.5, (6)

where we have used

Lγ ≈ εγ
θ2j
2

L0teng
T

, (7)

where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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. [72, 73], breakout nonthermal emission may be

neutrinos 
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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 SNe are driven by choked jets. Choked jets produce precursor neutrinos since the gamma-ray
emission comes from the SN shock breakout later than the neutrinos (e.g., [25]). 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: 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 SNe are driven by choked jets. Choked jets produce precursor neutrinos since the gamma-ray
emission comes from the SN shock breakout later than the neutrinos (e.g., [25]). 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: 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 SNe are driven by choked jets. Choked jets produce precursor neutrinos since the gamma-ray
emission comes from the SN shock breakout later than the neutrinos (e.g., [25]). 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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head radius at teng is defined as the jet-stalling radius
rstall.
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
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be "a = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
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ically successful (i.e., it emerges), since the jet breakout
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shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be
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The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition

Lγ ! LSJ
γ ≈ 0.95× 1048 erg s−1

( εγ
0.25

)

(

θj
0.2

)2

t−1
eng,1.5

× T−1
3.5 ρextr

4
ext,13.5, (6)

where we have used

Lγ ≈ εγ
θ2j
2

L0teng
T

, (7)

where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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. [72, 73], breakout nonthermal emission may be
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
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Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be
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and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by
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hct % 2.3× 1013 cm L1/2

0,52ρ
−1/2
ext r−1

ext,13.5t1.5. (5)

The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition
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γ ≈ 0.95× 1048 erg s−1

( εγ
0.25

)

(

θj
0.2

)2

t−1
eng,1.5

× T−1
3.5 ρextr

4
ext,13.5, (6)

where we have used
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where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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. [72, 73], breakout nonthermal emission may be
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be "a = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
0.6 − 3R#. For WR progenitors, we may take α =
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tal jet luminosity [20, 52]. The classical GRB jet is typ-
ically successful (i.e., it emerges), since the jet breakout
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∗,11 is

shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be

ρ(r) = 5.0×10−11 g cm−3

(

Mext
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)

r−3
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(
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)−2

,

(3)
and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by

Γh ≈
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√
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while the jet head radius is estimated to be

rh ≈ 2Γ2
hct % 2.3× 1013 cm L1/2

0,52ρ
−1/2
ext r−1

ext,13.5t1.5. (5)

The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition

Lγ ! LSJ
γ ≈ 0.95× 1048 erg s−1
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where we have used
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where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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. [72, 73], breakout nonthermal emission may be
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be "a = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
0.6 − 3R#. For WR progenitors, we may take α =
2.5, leading to the jet head radius rh % 5.4 ×
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tal jet luminosity [20, 52]. The classical GRB jet is typ-
ically successful (i.e., it emerges), since the jet breakout
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1/3R2/3

∗,11 is

shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be

ρ(r) = 5.0×10−11 g cm−3

(

Mext

0.01 M#

)

r−3
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(
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)−2

,

(3)
and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by

Γh ≈
L̃1/4

√
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−1/4
ext r−1/2

h,13.5, (4)

while the jet head radius is estimated to be

rh ≈ 2Γ2
hct % 2.3× 1013 cm L1/2

0,52ρ
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ext,13.5t1.5. (5)

The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition
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where we have used
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θ2j
2

L0teng
T
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where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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. [72, 73], breakout nonthermal emission may be
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GRBs have rich phenomenology. Still many uncertainties on their physics. 
Dark GRBs are especially poorly understood because scarcely (or not) visible in photons. 
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
ered in most of the previous literature [67–71], it af-
fects estimates of the VHE neutrino production [20].
Let us assume that the density profile is approxi-
mated to be "a = (3 − α)M∗(r/R∗)

−α/(4πR3
∗) (α ∼

1.5 − 3). Here M∗ is the progenitor mass and R∗ ∼
0.6 − 3R#. For WR progenitors, we may take α =
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ically successful (i.e., it emerges), since the jet breakout

time tjbo ≈ 17 s L−1/3
0,52 (θ0/0.2)

2/3(M∗/20 M#)
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∗,11 is

shorter than the jet duration teng ∼ 101.5 s.

Toma et al. [54] suggested that the prompt emission
of GRB 060218 may come from an emerging jet with a
Lorentz factor of Γ ∼ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more difficulty in penetrat-
ing 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 both from relatively low radii around the pho-
tosphere 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 [20].

Next, we consider jets embedded in an extended ma-
terial. 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 ∼ 10−2 M# and radius rext ∼ 1013 cm.

The density profile is assumed to be

ρ(r) = 5.0×10−11 g cm−3
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,

(3)
and we introduce ρext ≡ ρ(rext)/(5.0 × 10−11 g cm−3).
Then, the jet is typically uncollimated for sufficiently lu-
minous jets and the Lorentz factor of the jet head is given
by

Γh ≈
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while the jet head radius is estimated to be

rh ≈ 2Γ2
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The condition rh = rext gives the jet breakout time
tjbo,ext, and the condition tjbo,ext ! teng gives the jet-
stalling condition
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γ ≈ 0.95× 1048 erg s−1
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where we have used
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where Lγ is the observed luminosity of LL GRBs, εγ is
the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
rstall.
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
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First, let us consider the jet propagating inside its
progenitor star. As shown in Refs. [52, 53], the jet
is typically collimated rather than uncollimated. Al-
though the physics of collimation shocks is not consid-
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the gamma-ray emission efficiency, θj is the choked jet
opening angle in the extended material, and T is the
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius
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If the jet is choked in the dense wind close to the
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Neutrinos from Dark Gamma-Ray Bursts
Dark GRBs expected to be more abundant than visible ones, but poorly detectable in photons. 
Neutrinos could be the only way to study dark GRBs.   

*  Tamborra & Ando, JCAP (2015). Tamborra & Ando, PRD (2016).
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FIG. 5: Top panel: Diffuse intensity for one neutrino flavor
after flavor oscillations as a function of the energy and for
ζSN = 1, 10, and 100%, plotted with a dashed, solid and dot-
dashed line, respectively. The blue band and the black data
points correspond to the best fit power-law model and the Ice-
Cube data from Ref. [20]. ζSN = 100% is incompatible with
the current IceCube data, while ζSN = 10% is marginally al-
lowed. Bottom panel: Partial contributions to the diffuse neu-
trino intensity for one neutrino flavor from different regimes
of Γb, for ζSN = 10%. As Γb increases, the neutrino spectrum
peaks at larger neutrino energies.

become more stringent in the next future at the light of
the increasing statistics of the IceCube data sets.

IV. CONCLUSIONS

The most likely scenario explaining the formation of
the long-duration astrophysical bursts is the development
of a jet out of a black hole or an accretion disk, soon
after the core collapse of a supernova. However, obser-
vational evidence suggests that only a small fraction of
supernovae evolves in high-luminosity gamma-ray bursts
with highly-relativistic jets. Probably, softer jets, non-
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FIG. 6: Contour plot the allowed abundance of choked bursts
expressed as a fraction of the local supernova rate that goes
in choked jets, ζSN, and as a function of the jet energy Ẽj .
The yellow region is compatible with the IceCube data [20]
and the dark green one is excluded; the light green region is
marginally compatible.

visible or scarcely visible electromagnetically, could orig-
inate from the remaining optically thick supernova heirs.
These objects are possibly even more abundant that the
ones leading to visible gamma-ray bursts and are known
as choked gamma-ray bursts.

In this paper, we study the supernova–gamma-ray
burst connection, by assuming that successful high-
luminosity gamma-ray bursts and choked jets originate
from the same class of sources having core-collapse super-
novae as common progenitors. We hypothesize that the
local rate of such sources decreases as the Lorentz boost
factor Γb increases. In order to investigate the neutrino
emission from this class of astrophysical jets, we define a
general neutrino emission model, including hadronuclear
and photomeson interactions as well as cooling processes
for mesons and protons. For simplicity, we assume that
successful and choked bursts have identical jet properties
except for the Lorenz factor Γb.

We find that the neutrino fluence peaks in different en-
ergy ranges according to the Lorenz boost factor, rang-
ing from TeV energies for low-Γb bursts to PeV energies
for high-Γb bursts. The neutrino production in low-Γb

jets is mainly due to hadro-nuclear interactions, while it
is mainly determined by photon-meson interactions for
bursts with high-Γb.

The high-energy neutrino flux currently observed by
the IceCube telescope could be generated, especially in
the PeV region, from bursts with intermediate values of
Γb with respect to the typical ones of choked and bright
GRBs: Γb ∈ [10, 130]. Such sources with intermediate
values of Γb are optically thick, therefore not or scarcely
visible in photons, and pp and pγ interactions are both
effective for what concerns the neutrino production.

Optically thin GRBs

Optically thick GRBs

Neutrinos from luminous and dark GRBs

Neutrino Energy [GeV]
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IceCube

* Tamborra & Ando, PRD (2016). Senno et al. (2016). Meszaros & Waxman, PRL (2001).



Constraints on the SN-GRB connection

The IceCube flux can already put indirect constraints on the fraction of SNe evolving in 
choked bursts and their jet energy. 

* Tamborra & Ando, PRD 93 (2016) 053010. IceCube and ROTSE Collaborations, A&A 539 (2012) A60.
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★ Origin of the IceCube high-energy neutrino flux not yet clear. 

★ Diffuse emission from optically thick jets is one natural possibility.

★ IceCube high-energy neutrino data indirectly constrain the choked GRB rate to be lower      
    than 10% of the local SN rate.

Conclusions



Thank you for your attention!


