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Neutrinos: New Frontier in Astrophysics
Escaping unimpeded, neutrinos carry information about sources not otherwise accessible. 

PhotonProton

Neutrino

Neutrinos: Ideal messengers



*  IceCube Collaboration, Science 342 (2013) 6161, PRL 113 (2014) 101101, PRD 91 (2015) 2, 022001. 
    IceCube Collaboration, ApJ 809 (2015) 1, 98;  PRL 115 (2015) 8, 081102. 

★ IceCube observed 54 events over four years in the 25 TeV-2.8 PeV range.
★ Zenith Distribution compatible with isotropic flux.
★ Flavor distribution consistent with                                   .⌫e : ⌫µ : ⌫� = 1 : 1 : 1
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High-energy neutrino astronomy is happening!



Where are these neutrinos coming from?

★ New physics?

★ Galactic origin [sub-dominant contribution or new unknown sources?]

★ Extragalactic origin [flux compatible with Waxman & Bahcall bound]
• Star-forming galaxies
• Gamma-ray bursts
• Active galactic nuclei, blazars
• Low-power or choked sources

* Anchordoqui et al., JHEAp 1-2 (2014) 1. Meszaros, arXiv: 1511.01396. Waxman, arXiv: 1511.00815. 
  Murase, arXiv: 1511.01590.

 Warning: More statistics needed! No strong preference so far.



Diffuse background ingredients 

time

z = 0

z = 1

z = 5

neutrinos, gamma-rays

neutrinos, gamma-rays

• Gamma and neutrino energy fluxes

• Distribution of sources with redshift

• Comoving volume (cosmology) 



Neutrino Production Mechanisms

* Anchordoqui et al., PLB 600 (2004) 202. Kelner, Aharonian, Bugayov, PRD 74 (2006) 034018.
  Kelner, Aharonian, PRD 78 (2008) 034013.

Lepto-hadronic interactions

The LF is fitted with a broken power law [57]:
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(2.9)

with the best fit parameters provided in Table 1.
Similarly to the long-duration GRBs, sGRBs have a gamma-ray spectrum fitted with

the Band spectrum (Eq. 3.16). However, we know from observations that the low-energy
component (i.e., for Eγ < Eγ,b) is harder for sGRBs than for the long-duration GRBs (see
the values for αγ in Table 1) and the peak energy is slightly higher [57–59].

We assume that relations similar to the Amati and Yonetoku ones hold between Ẽγ,b,
Ẽiso, and L̃iso for the sGRBs. To this purpose, we extrapolate them by fitting the data in
Fig. 7 of [59] and define the analogous of Eqs. (2.6) and (2.7):
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)

− 1.57 . (2.11)

We suppose that this class of GRBs has shorter variability timescale (tv) than long-duration
GRBs [60], as reported in Table 1.

3 Prompt neutrino emission from gamma-ray burst fireballs

In this Section, we discuss the neutrino production in GRBs through pγ interactions and
derive the corresponding neutrino energy distributions. The main reactions that we study
are:

p+ γ → ∆ → n+ π+, p + π0 (3.1)

p+ γ → K+ + Λ/Σ .

Pions, kaons and neutrons in turn decay into neutrinos:

π+ → µ+νµ , (3.2)

µ+ → ν̄µ + νe + e+ ,

π− → µ−ν̄µ ,

µ− → νµ + ν̄e + e− ,

K+ → µ+ + νµ ,

n → p+ e− + ν̄e .

In the following, we will assume that the neutrino contribution from the n decay is negligible
(see Fig. 2 of [61]) and we will reconstruct the neutrino energy spectrum from the pion and
kaon decays.
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Ẽγ,b

0.1 MeV

)

= 0.56 log

(
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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

3

Choked Jet

ν

Extended 
Material 
!

CE

Progenitor
Core

CCStall Radius

Orphan Neutrinos 

Choked Jet

Shock Breakout

γ

ν

CE

Progenitor
Core

Stall Radius

Precursor Neutrinos

Extended 
Material 
!

ν

CE

Progenitor
Core

γ

Emerging Jet

Prompt Neutrinos

Extended 
Material 
!

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.

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
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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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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
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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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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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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].
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material is sufficiently large. Motivated by the CJ-SB
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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
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GRBs and LL GRBs. Both neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed
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may come both from relatively low radii around the pho-
tosphere or large radii. Such marginally successful jets
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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
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 

3

Choked Jet

ν

Extended 
Material 
!

CE

Progenitor
Core

CCStall Radius

Orphan Neutrinos 

Choked Jet

Shock Breakout

γ

ν

CE

Progenitor
Core

Stall Radius

Precursor Neutrinos

Extended 
Material 
!

ν

CE

Progenitor
Core

γ

Emerging Jet

Prompt Neutrinos

Extended 
Material 
!

FIG. 1: Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission
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GRBs and LL GRBs. Both neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed
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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
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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

ρ(r) = 5.0×10−11 g cm−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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while the jet head radius is estimated to be
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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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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 ∼
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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.
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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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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 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 ∼
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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

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
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

Lγ ! LSJ
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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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0,52(θ0/0.2)
−4/5(M∗/20 M#)
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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

(
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)

r−3
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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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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

Lγ ! LSJ
γ ≈ 0.95× 1048 erg s−1
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where we have used
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θ2j
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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. 
Choked GRBs are especially poorly understood because scarcely (or not) visible in photons. 

Neutrino emission from gamma-ray bursts
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Neutrinos from ordinary gamma-ray bursts

Sizable emission of high-energy neutrinos from gamma-ray bursts expected.

Ultrahigh-energy photons at large redshifts !28" could in
principle produce a flux of ultrahigh-energy neutrinos.

III. COSMIC RAY OBSERVATIONS AND THE WB BOUND

In this section, we summarize the observations and calcu-
lations that lead directly to the upper bound on high energy
neutrino fluxes.
Figure 1 shows the cosmic ray fluxes measured by the

Fly’s Eye !11", AGASA !12", and Yakutsk !13" experiments.
The smooth curve shown in Fig. 1 was used by us !1" in
setting a conservative upper bound on the high energy neu-
trino fluxes. We now explain why the upper bound is robust
and conservative.
The smooth curve was computed assuming that in the

nearby universe (z!0) the energy production rate is

! ECR
2 dṄCR

dECR
"

z!0
!1044 ergMpc"3 yr"1. #1$

The energy generation rate given locally by Eq. #1$ may
increase with redshift. Cosmic rays observed at Earth with
energies in excess of 1018 eV must have originated at small
redshifts because of the large energy loss rate at these high
energies. In order to establish a conservative upper limit, we
assumed that the local rate given in Eq. #1$ evolves with
redshift at the maximum rate observed for any astronomical
population, i.e., the evolutionary rate exhibited by the qua-
sars !29–31". We also included the adiabatic energy loss due
to the expansion of the Universe.
Figure 1 shows that the smooth curve which we have used

to estimate the cosmic ray flux above 1018 eV is a conserva-
tive #i.e., high$ estimate of the observed rate. We note that
Fig. 1 shows that the highest energy point measured by the
AGASA experiment could be interpreted to suggest #with

%1& significance$ that the cosmic ray generation rate at E
#1020 eV is twice the rate obtained from our smooth curve
generated by Eq. #1$, implying that the upper bound might be
underestimated by a factor of two at %1019 eV. However,
the higher rate of generation is not observed by the Fly’s Eye
and Yakutsk experiments, and even if correct would imply
only a small correction to the upper bound at this energy.
What is the neutrino bound that results from the observed

cosmic ray flux? Figure 2 shows the numerical limit that is
implied by the cosmic ray observations. The upper horizontal
curve is computed by assuming that the cosmic ray sources
evolve as rapidly as the most rapidly evolving known astro-
nomical sources. This very conservative limit is what we
shall mean when in the following we refer to the ‘‘Waxman-
Bahcall bound.’’ The lower curve is computed assuming that
the number density of cosmic ray sources at large distances
is the same as in the local universe. We will discuss the
implications of the bound for previously published AGN
models in Sec. VI.

IV. BEYOND 1020 eV

The theoretical curve in Fig. 1 shows the predicted de-
crease above 5$1019 eV in the observed cosmic ray flux due

FIG. 1. The observed high energy cosmic ray flux. Measure-
ments are shown from the Fly’s Eye !11", AGASA !12", and
Yakutsk !13" detectors. The smooth curve, computed from Eq. #1$,
was used by Waxman and Bahcall !1" to compute the upper bound
on high energy astrophysical neutrino sources from p"' interac-
tions.

FIG. 2. The Waxman-Bahcall #WB$ upper bound on muon neu-
trino intensities (()%( )). The numerical value of the bound as-
sumes that 100% of the energy of protons is lost to *% and *0 and
that the *% all decay to muons that also produce neutrinos. The
WB upper bound exceeds the most likely neutrino flux by a factor
of 5/+ for small optical depths + . The upper solid line gives the
upper bound corrected for neutrino energy loss due to redshift and
for the maximum known redshift evolution #QSO evolution, see
text$. In what follows, we will refer to this conservative upper curve
as the ‘‘Waxman-Bahcall bound.’’ The lower solid line is obtained
assuming no evolution. The dotted curve is the maximum contribu-
tion due to possible extra-galactic component of lower-energy,
&1017 eV, protons as first discussed in !1" #see Sec. V for details$.
The dash-dot curve shows the experimental upper bound on diffuse
neutrino flux recently established by the AMANDA experiment
!17". The dashed curves show the predictions of the GRB fireball
model !2,1,32".
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Dedicated stacking searches on GRBs unsuccessful up to now.

tio and that the total fluence is given by the NeuCosmA
simulation and is representative of the 57 GRBs.

In order to compare our limit with those from other
experiments that used a di↵erent set of GRBs for their
analyses, we also provide the inferred quasi-di↵use all-
flavor neutrino flux limit. This assumes that the average
fluence of the 57 analyzed GRBs is representative of
the average fluence from GRBs for any other extended
period. With this assumption, the quasi-di↵use neutrino
flux limit is:

E2� = E2F ⇥ 1
4⇡

N0
GRB

NGRB
year�1 (6)

where E2� is the quasi-di↵use neutrino flux limit in
units of [GeVcm�2sr�1sec�1], E2F is the fluence limit,
NGRB(= 57) is the number of analyzed GRBs, and N0

GRB
is the average number of GRBs that are potentially ob-
servable by satellites in a year [24], and is chosen as
667 to be consistent with the IceCube and ANTARES
GRB neutrino searches [16, 25]. Fig. 8 shows the quasi-
di↵use neutrino flux limit from multiple experiments.
Our limit is the first UHE GRB neutrino quasi-di↵use
flux limit at energies above 1016 eV. IceCube’s sensitiv-
ity would extend to this energy region as well, but their
result is published only below 1016 eV where their sen-
sitivity is the greatest.

For future analyses from two ARA deep stations, we
expect to have at least a factor of 6 improvement in sen-
sitivity. There is a factor of ⇠3 expected increase going
from the shallow Testbed station to a 200 m deep station
and another factor of ⇠2 for the number of deep stations
currently operating. In addition, we plan to increase the
number of deep stations, and we expect a >4-fold en-
hancement in the sensitivity due to improvements in ef-
fective livetime and analysis e�ciencies from the deep
stations compared to the Testbed. ARA has the abil-
ity to reconstruct neutrino directions, and thus a future
GRB search with ARA will narrow the search using di-
rectionality as well as timing. This will allow the cuts
to be loosened even further without increasing the back-
ground. Fig. 8 also shows the expected ARA37 trigger
level limit based on the improvement factors obtained
from the di↵use neutrino search [32].

7. Conclusions

Using data from the ARA Testbed from January 2011
to December 2012, we have searched for UHE neutrinos
from GRBs. Analysis cuts were loosened relative to the
di↵use neutrino search due to the reduced background
in the analysis time window surrounding the 57 selected
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Figure 8: The inferred quasi-di↵use all-flavor flux limit
from the selected 57 GRBs. The quasi-di↵use flux
limit is obtained from the fluence limit as described in
the text. IceCube and ANTARES limits are from [25]
and [27], respectively. IceCube recently published a
search for neutrinos from GRBs based on four years of
data [26], but that paper did not include a limit on the
quasi-di↵use flux. Preliminary estimates indicate that
the latest result would improve upon the IC40+59 limit
shown here by about an order of magnitude. Since the
published limits for both IceCube and ANTARES are
based on a muon neutrino flux, we have applied an addi-
tional factor of three on this plot in order to account for
all three neutrino flavors. The ARA37 expected limit is
the trigger level sensitivity based on the di↵use neutrino
search [32].

GRBs. The GRB neutrino spectra were calculated us-
ing the NeuCosmA code, an advanced high-energy as-
trophysical neutrino fluence generator. We found zero
neutrino candidate events which is consistent with the
expectation. We obtained a GRB neutrino fluence limit
and the first quasi-di↵use GRB neutrino flux limit for
energies above 1016 eV. Future analyses from two ARA
deep stations are expected to have at least a factor of
6 improvement in sensitivity compared to this analysis
with the ARA Testbed.
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GRB dedicated searches

Existing detectors are achieving relevant sensitivity.

Does the diffuse emission from ANY GRB families contribute to the IceCube flux?

Neutrinos from ordinary gamma-ray bursts



Optically thick and thin bursts

Eν

E2
ν
dNν

dEν

pp

pγ

τT ! 1

Eν,b,th Eν

E2
ν
dNν

dEν

pp

pγ

τT ! 1

Eν,b,non−th

Neutrino energy spectrum in absence of meson cooling effects

Optically thin sources.Optically thick sources.

* Tamborra & Ando, PRD 93 (2016) 053010. 



Comoving CoolingTimes

102 103 104 105 106 107 108 109 1010

E′
p [GeV]

105

106

107

108

109

1010

1011

1/
t′  [s

-1
]

pγ

pp

syncacc

IC

BH

Γb=3

102 103 104 105 106 107 108 109 1010

E′
p [GeV]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

1/
t′  [s

-1
]

pγ

pp

sync

acc

IC

BH

ac

Γb=300

* Tamborra & Ando, PRD 93 (2016) 053010. 



Optically thick and thin bursts
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FIG. 4: Local formation rate of the jets per unit volume per
unit Γb, Rj(z = 0,Γb), as a function of Γb for fixed ρ0,HL−GRB

and ζSN = 1, 100% respectively (see text for details).

because the flux is lower than the bottom value of the
y-axis of the plot) and by pγ interactions in the region
around 107 GeV. The sharp rise of the neutrino spec-
trum at about 107 GeV is due to the fact that this object
is optically thick (τT > 1) and the correspondent initial
neutrino spectrum has a sharp rise due to the black-body
photon spectrum distribution (see Fig. 2).

III. DIFFUSE HIGH-ENERGY NEUTRINO
EMISSION FROM ASTROPHYSICAL BURSTS

We assume that the redshift evolution of baryon-rich
and ordinary high-luminosity GRBs is a function of the

redshift and of the Lorentz boost factor; Rj(z,Γb)dΓb =
R(z)ξ(Γb)dΓb is the formation rate density of the bursts
with the Lorentz factor between Γb and Γb + dΓb. The
redshift-dependent part of Rj(z,Γb) follows the star for-
mation rate [69]:

R(z) ∝

[

(1 + z)p1k +

(

1 + z

5000

)p2k

+

(

1 + z

9

)p3k
]1/k

(26)
with k = −10, p1 = 3.4, p2 = −0.3, p3 = −3.5, and is
normalized such that R(0) = 1. As for the Γb depen-
dence on the rate, we assume ξ(Γb) = ΓαΓ

b βΓ and fix the
parameters αΓ and βΓ in such a way that

∫ 103

1
dΓb ΓαΓ

b βΓ = RSN(0)ζSN
θ2SN
2

, (27)

∫ 103

200
dΓb ΓαΓ

b βΓ = ρ0,HL−GRB , (28)

where ζSN is the fraction of core-collapse SNe that de-
velop jets, θ2SN/2 the fraction of the jet pointing towards
us, RSN(0) # 2 × 105 Gpc−3 yr−1 [71, 72] the local SN
rate, and ρ0,HL−GRB = 0.8 Gpc−3 yr−1 being an opti-
mistic estimation of the observed local high-luminosity
GRB rate [70]. In order to give an idea of the depen-
dence of Rj(z,Γb) on Γb, Fig. 4 shows Rj(z = 0,Γb) as
a function of Γb for fixed ρ0,HL−GRB and ζSN = 1, 100%
respectively.

The total diffuse neutrino intensity from all bursts is
therefore defined in the following way:

I(Eν) =

∫ Γb,max

Γb,min

dΓb

∫ zmax

zmin

dz
c

2πθ2jH0Γb

1
√

ΩM (1 + z)3 + ΩΛ

Rj(z,Γb)E
′
jfpNa[1− (1− χp)

τ ′

p ]

(

dNνµ

dE′
ν

)

osc

. (29)

The top panel of Fig. 5 shows the total diffuse emis-
sion from astrophysical bursts as a function of the neu-
trino energy for one neutrino flavor obtained by assum-
ing [zmin, zmax] = [0, 7] and [Γb,min,Γb,max] = [1, 103].
The continuous line stands for ζSN = 10%, while the
dashed (dot-dashed) line is obtained by adopting ζSN =
100% (1%). For comparison, the IceCube data as well as
a band corresponding to the single power-law fit [21] are
shown. The figure shows that these jets could represent
a major component of the flux of the IceCube neutrinos
for ζSN < 10%, especially in the PeV energy range.

Assuming that baryon-rich jets and ordinary GRBs
belong all to the same family and evolve by following

Rj(z,Γb), one can also indirectly constrain the local
rate of baryon-rich bursts by adopting the IceCube high-
energy neutrino data. In fact, Fig. 5 suggests that a local
rate of baryon-rich jets with ζSN higher than tens of per-
cent is excluded from the current IceCube data set. Our
findings on the abundance of baryon-rich jets are also
in agreement with the ones in Ref. [73], where the local
abundance of transient sources of high-energy neutrinos
is found to be lower than 10 Gpc−3 yr−1 to do not con-
tradict the non-observation of such sources in dedicated
neutrino searches.

In order to disentangle the dependence of the neu-
trino diffuse intensity from Γb, the bottom panel of Fig. 5
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because the flux is lower than the bottom value of the
y-axis of the plot) and by pγ interactions in the region
around 107 GeV. The sharp rise of the neutrino spec-
trum at about 107 GeV is due to the fact that this object
is optically thick (τT > 1) and the correspondent initial
neutrino spectrum has a sharp rise due to the black-body
photon spectrum distribution (see Fig. 2).

III. DIFFUSE HIGH-ENERGY NEUTRINO
EMISSION FROM ASTROPHYSICAL BURSTS

We assume that the redshift evolution of baryon-rich
and ordinary high-luminosity GRBs is a function of the

redshift and of the Lorentz boost factor; Rj(z,Γb)dΓb =
R(z)ξ(Γb)dΓb is the formation rate density of the bursts
with the Lorentz factor between Γb and Γb + dΓb. The
redshift-dependent part of Rj(z,Γb) follows the star for-
mation rate [69]:

R(z) ∝

[

(1 + z)p1k +

(

1 + z

5000

)p2k

+

(

1 + z

9

)p3k
]1/k

(26)
with k = −10, p1 = 3.4, p2 = −0.3, p3 = −3.5, and is
normalized such that R(0) = 1. As for the Γb depen-
dence on the rate, we assume ξ(Γb) = ΓαΓ

b βΓ and fix the
parameters αΓ and βΓ in such a way that

∫ 103

1
dΓb ΓαΓ

b βΓ = RSN(0)ζSN
θ2SN
2

, (27)

∫ 103

200
dΓb ΓαΓ

b βΓ = ρ0,HL−GRB , (28)

where ζSN is the fraction of core-collapse SNe that de-
velop jets, θ2SN/2 the fraction of the jet pointing towards
us, RSN(0) # 2 × 105 Gpc−3 yr−1 [71, 72] the local SN
rate, and ρ0,HL−GRB = 0.8 Gpc−3 yr−1 being an opti-
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Rate evolution with the 
Lorentz boost factor:
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The IceCube flux could indirectly constrain the 
fraction of SNe evolving in choked bursts. 

The IceCube flux could be originated by 
bursts with intermediate values of Lorentz 
boost factors.

Constraints on the SN-GRB connection

* Tamborra & Ando, PRD 93 (2016) 053010. 



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. 
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Constraints on the SN-GRB connection

* IceCube and ROTSE Collaborations, A&A 539 (2012) A60.

Abbasi et al.: IceCube Optical Follow-up Program

Table 4. Measured and Expected Number of Multiplets

SN Doublets Triplets
IC40 IC59 IC40 IC59

measured 0 15 19 0 0

expected 0.074 8.55 15.66 0.0028 0.0040

changed the event directions randomly while keeping the event
times fixed. For each scrambled dataset we obtain the number of
doublets by comparing event directions. The number of doublets
in both data sets (IC40 and IC59) shows a small excess, which
corresponds to a 2.1� e↵ect and is thus not statistically signif-
icant. To estimate the expected number of randomly coincident
SN detections, we assume a core-collapse SN rate of 1 per year
within a sphere of radius 10 Mpc, i.e. 2.4⇥10�4 y�1 Mpc�3, and a
Gaussian absolute magnitude distribution with mean of �18 mag
and standard deviation of 1 mag (Richardson et al. 2006). Based
on the e�ciency estimated in section 4 we can calculate the
rate of core-collapse SNe that could be detected by ROTSE, if
it would continuously survey the full sky, R

ROTSE
CCSN = 3823 y�1.

For this we integrated the CCSN rate over the accessible volume
weighted with the e�ciency displayed in Fig. 10. The number
of expected accidental SN detections (i.e. a SN detection in co-
incidence with a background neutrino multiplet) is

NSN,exp = �TSN · Nalerts · ⌦ROTSE

⌦sky
· RROTSE

CCSN = 0.074 (8)

where Nalerts = 17 is the number of multiplet alerts followed-up
by ROTSE, ⌦ROTSE = 1.85� ⇥ 1.85� is the solid angle covered
by ROTSE’s field of view and ⌦sky = 41253(�)2 is the all sky
solid angle. �TSN is the time window in which we accept a co-
incidence of neutrino and optical signals. It has to be larger than
the uncertainty of the SN explosion time. In Cowen et al. (2010)
it is shown, that the explosion time can be estimated with an
accuracy of ⇠1 day if early data are available. We choose to be
conservative and take �TSN = 5 days. In total, 31 alerts were
forwarded to the ROTSE telescopes. Five could not be observed
because they were too close to the Sun. For two alerts no good
data could be collected. Seven alerts were discarded because the
corresponding fields were too close to the Galactic plane and
hence too crowded. Thus 17 good optical datasets remained for
the analysis. The data were processed as described above. No
optical SN counterpart was found in the data. We calculate the
limit on the AB05 model parameters following the description in
appendix A for the jet Lorentz boost factors � = 6, 8, 10 and in
each case vary the jet energy Ejet and the rate of SNe with jets ⇢.
The algorithm was formulated prior to the start of the program.
The systematic uncertainties discussed in section 5 are included
in the limit calculation. For each �-value the 90% confidence
region in the Ejet-⇢-plane is displayed in Fig. 12. The colored re-
gions are excluded with 90% confidence. The limits include the
optical information, i.e. that no optical counterpart was found.
This improved the limit and allows tests of 5-25% smaller CCSN
rates. The largest improvement is obtained for small jet energies
and large CCSN rates. The most stringent limit can be set for
high Lorentz factors, while for small � the constraints are weak.
At 90% confidence level, a sub-population of SNe with typical
values of � and Ejet of 10 and 3⇥ 1051 erg, respectively, does not
exceed 4.2%. This is the first limit on CCSN jets using neutrino
information.
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Fig. 12. Limits on the choked jet SN model Ando & Beacom
(2005) for di↵erent Lorentz boost factors � as a function of the
rate of SNe with jets ⇢ and the jet energy Ejet. The colored re-
gions are excluded at 90% confidence level. Horizontal dashed
lines indicate a fraction of SNe with jets of 100%, 10% or 1%
(relative to an assumed CCSN rate of 1 per year within a sphere
of radius 10 Mpc).

7. Summary and Outlook

This first analysis, using the four ROTSE telescopes, proves the
feasibility of the program for follow-up observations triggered
by neutrino multiplets detected by IceCube. The technical chal-
lenge of analyzing neutrino data in real time at the remote lo-
cation of the South Pole and triggering optical telescopes has
been solved. First meaningful limits to the SN slow-jet hypoth-
esis could be derived already after the first year of operation.
Especially in cases of high Lorentz boost factors of � = 10 strin-
gent limits on the soft jet SN model are obtained. Soderberg et al.
(2010) obtain an estimate on the fraction of SNe harboring a
central engine, which powers a relativistic outflow, from a ra-
dio survey of type Ibc SNe. They conclude that the rate is about
1%, consistent with the inferred rate of nearby GRBs. Our ap-
proach is completely independent and for the first time directly
tests hadronic acceleration in CCSNe, while the radio counter-
part is sensitive to leptonic acceleration.
The instrumented volume of IceCube has now increased to a
cubic kilometer yielding an increased sensitivity to high-energy
neutrinos. In addition the live time is growing continuously. The
delay of processing neutrino data at the South Pole has been re-
duced significantly from several hours to a few minutes. This
results in the possibility of a very fast follow-up and allows the
detection of GRB afterglows, which fade rapidly below the tele-
scope’s detection threshold.
In addition, a single high-energy neutrino event trigger (in ad-
dition to the mutliplet trigger) is under development, which will
further increase the sensitivity of the program especially for hard
GRB neutrino spectra.
Because of the successful operation of the optical follow-up pro-
gram with ROTSE, the program was extended in August 2010 to
the Palomar Transient Factory (PTF) (Law et al. 2009; Rau et al.
2009), which will provide deeper images and a fast processing
pipeline including a spectroscopic follow-up of interesting SN
candidates. Furthermore, an X-ray follow-up by the Swift satel-
lite (Gehrels et al. 2004) of the most significant multiplets has
been set up and started operations in February 2011.
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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
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