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Neutrinos as Cosmic Messengers
Escaping unimpeded, neutrinos carry information about sources not otherwise accessible. 
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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

          evidence for astrophysical flux 7�

2013

neutrinos(of(all(flavors(
interac2ng(inside(

IceCube(

confirma2on!(
flux(of(muon(neutrinos(

through(the(Earth(

3 year 
> 5σ%
4 year 

~7 sigma 2016

High-Energy Neutrino Astronomy Is Happening!
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The Measured Astrophysical Flux
Energy spectrum from six data sets combined in a maximum-likelihood analysis [25 TeV-2.8 PeV].

Soft spectral index driven by low energy bins.

* IceCube Collaboration, ApJ 809 (2015) 1, 98. 
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Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.
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infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
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A measurement of the diffuse astrophysical muon neutrino flux
Sebastian Schoenen | TeVPa 2015, Kashiwa | 29.10.2015
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The measured astrophysical 
flux

 Best fit astrophysical neutrino flux and conventional 
atmospheric neutrino flux predicted by Honda

 ERS prediction for a prompt atmospheric neutrino 
flux (best-fit prompt norm. is zero)

 Atmospheric-only hypothesis 
excluded  by  5.9σ

 Best-fit astrophys. norm. @ 
100 TeV:

0.82 .
. × 10 GeV cm s sr

 Best-fit spectral index:

𝛾 = 2.08 ± 0.13

 Energy ranges:

220 TeV − 8.3 PeV

* Slide from S. Schoenen @ TeVPa 2015. 

Analysis six years of IceCube data (2009-2015).

The Measured Astrophysical Flux



A measurement of the diffuse astrophysical muon neutrino flux
Sebastian Schoenen | TeVPa 2015, Kashiwa | 29.10.2015
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Summary of the diffuse 
IceCube results

 90% C.L. contours of the different IceCube analyses
 Results of IC tracks (6yr) and IC combined analysis (3 yr tracks slightly correlated) 

not compatible within > 3.6σ (two sided significance)

* Slide from S. Schoenen @ TeVPa 2015. 

The Measured Astrophysical Flux



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.

gamma-rays  

neutrinos 
�

�

Hadronic interactions

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 E$ < E$,b) is harder for sGRBs than for the long-duration GRBs (see
the values for !$ 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 Ẽ$,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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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 p" interactions and
derive the corresponding neutrino energy distributions. The main reactions that we study
are:

p+ " $ " $ n+ #+, p + #0 (3.1)

p+ " $ K+ + #/$ .

Pions, kaons and neutrons in turn decay into neutrinos:

#+ $ µ+$µ , (3.2)

µ+ $ $̄µ + $e + e+ ,

#! $ µ!$̄µ ,

µ! $ $µ + $̄e + e! ,

K+ $ µ+ + $µ ,

n $ p+ e! + $̄e .

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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Star-Forming Galaxies



*  Loeb & Waxman JCAP 0605 (2006) 003. Credits for images: ESA, Hubble, NASA web-sites.
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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
!!!(E! = 1GeV) !

c

4!
"tH [4#(dL!/dV )]!=1.4GHz

= 10!7"0.5 GeV cm!2 s!1 sr!1. (2)

Here, tH is the age of the Universe, and the factor
" = 100.5"0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of "0.5 " 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, #e : #µ : #" = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
!!e

= !!µ
= !!!

= !!/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 E! < 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
!!!µ

# E2!p
! . 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 E! is domi-
nated by protons of energy E ! 20E! [18], so that the
cosmic-ray ”knee” corresponds to E! " 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
!!SB

! ! 10!7(E!/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
E! > 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

Starbursts efficiently produce neutrinos! 

Normal galaxies
(i.e., Milky Way, Andromeda)   

Starburst galaxies 
(i.e., M82, NGC 253)    

Star-Forming Galaxies



* Gruppioni et al., MNRAS 432 (2013) 23. Ackermann et al., ApJ 755 (2012) 164.

Star-Forming Galaxies

SF-AGN
(galaxies with dim/low luminosity AGN)

Herschel provides IR luminosity functions for:   

Starburst galaxies   Normal galaxies

Gamma-ray-IR linear relation from Fermi data. 

Table 1. Local values of the characteristic luminosity (L!
IR,X) and density (!!

IR,X) for each population
X .

X L!
IR,X(z = 0) !!

IR,X(z = 0)

NG 109.45L! 10"1.95 Mpc"3

SB 1011.0L! 10"4.59 Mpc"3

SF-AGN 1010.6L! 10"3.00 Mpc"3

per unit solid angle per unit redshift range. The factor e""(E! ,z) takes into account the
attenuation of high-energy gamma rays by pair production with ultraviolet, optical and IR
extragalactic background light (EBL correction), !(E# , z) being the optical depth. In our
numerical calculations we assume zmax ! 5 and adopt the EBL model in Ref. [63].

For each population X, we adopt a parametric estimate of the luminosity function for
the IR luminosity between 8 and 1000 µm at di"erent redshifts [31]:

!IR,X(LIR, z)d log LIR = !!
IR,X(z)

!

LIR

L!
IR,X(z)

"1"$IR,X

" exp

#

#
1

2"2
IR,X

log2
!

1 +
LIR

L!
IR,X(z)

"$

d logLIR , (2.2)

which behaves as a power law for LIR $ L!
IR,X and as a Gaussian in logLIR for LIR % L!

IR,X .
We adopt the redshift evolution of L!

IR,X(z) and !!
IR,X(z) for each population as in Table 8

of Ref. [31], as well as the values of #IR,X and "IR,X . We then fix the normalization by fitting
the data for L!

IR,X(z) and !!
IR,X(z) from Fig. 11 of Ref. [31]. Table 1 shows the local (z = 0)

values of these parameters as the result of such a fitting procedure.2

By integrating the luminosity function, one obtains the IR luminosity density $IR(z):

$IR(z) =

%

d logLIRLIR

&

X

!IR,X(LIR, z), (2.3)

which is believed to be well correlated to the cosmic star-formation rate density. The adopted
fitting functions for the luminosity function of each family X reproduce the total IR lumi-
nosity density data summarized in Fig. 17 of Ref. [31].

The Fermi data show a correlation between gamma-ray luminosity (0.1–100 GeV) and
IR luminosity (8–1000 µm). Although such correlation is not conclusive at present due to the
limited statistics of starbursts found in gamma rays, we adopt the following scaling relation:

log

'

L#

erg s"1

(

= # log

'

LIR

1010L!

(

+ % , (2.4)

with L! the solar luminosity, # = 1.17 ± 0.07 and % = 39.28 ± 0.08 [6]. While this parame-
terization is calibrated in a local volume, we assume that it is also valid at higher redshifts

2We note that adopting for these parameters the values directly from Table 8 of Ref. [31] results in
overestimate of the gamma-ray intensity, since the table summarizes the values of L

"
IR,X and !"

IR,X for
0 < z < 0.3, which are di"erent from the values at z = 0 shown in Table 1.
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luminosity function   gamma-ray flux  
comoving volume 

�X(L� , z) = d2NX/dV dL�

EBL correction  

2.1 Infrared luminosity function and multi-wavelength luminosity comparison

Up to now, the total emissivity of IR galaxies at high redshifts has been poorly known, due
to the scarcity of Spitzer galaxies at z > 2, the large spectral extrapolations to derive the
total IR-luminosity from the mid-IR and the incomplete information on the z-distribution
of mid-IR sources. Herschel is the first telescope which allows us to detect the far-IR popu-
lation to high redshifts (z ! 4 " 5) and to derive its rate of evolution through a luminosity
function analysis [42]. From stellar mass function studies, one finds a clear increase with z
of the relative fraction of massive star-forming objects (with mass M > 1011M!), starting
to contribute significantly to the massive end of the mass functions at z > 1.

The IR population does not evolve all together as a whole, but it is composed by di!erent
galaxy classes evolving di!erently and independently. Following [42], IR observations report
38% of NG, the 7% of SB and the remaining goes in star-forming galaxies containing AGN
(SF-AGN). Here we consider spiral galaxies, starburst and star-forming galaxies containing an
AGN as gamma-ray sources. The !-ray intensity is defined through the luminosity function

I(E!) =

! zmax

0

dz

! L!,max

L!,min

dL!
d2V

d"dz

"

X

#X(L! , z)
dNX (L! , (1 + z)E!)

dE!
, (2.1)

where #X(L! , z) = d2NX/dV dL! is the luminosity function for each galaxy family X =
SG,SB, SF " AGN , dNX(L! , (1 + z)E!)/dE! is the !-ray flux, d2V/d"dz the comoving
volume [43], and we assume zmax # 5.

For each population, we adopt a parametric estimate of the luminosity function in the
IR range at di!erent redshifts [42]:

#X(LIR)d log LIR = #"
X

#

LIR

L"
X

$1#"X

exp

%

"
1

2"2X
log2

#

1 +
LIR

L"
X

$&

d log LIR , (2.2)

that behaves as a power law for LIR $ L"
X and as a Gaussian in logLIR for logLIR for

LIR $ L"
X . The four parameters (#X , "X , L"

X and #"
X) are di!erent for each population X

and are defined as in Table 8 of [42].
The data show a linear correlation between gamma-ray luminosity and IR luminosity

(8" 1000 µm). We adopt the fit scaling relationship given in [39],

log

#

L0.1#100 GeV

erg s#1

$

= # log

#

LIR

1010L!

$

+ $ , (2.3)

with L! the Sun luminosity, # = 1.17 and $ = 39.28 [39]. Note that this equation
parametrizes the relationship between gamma-ray and total IR luminosity up to z # 2,
we assume that it is also valid at higher redshifts (up to zmax # 5) and assume 108L! %
LIR % 1014L!.

2.2 Gamma-ray luminosity flux

As for the distribution of ! as a function of the energy, we here adopt a broken power-law
fit to the GALPROP conventional model of energy di!use !-ray emission and parametrize it
as [6]

dNX(L! , E!)

dE!
= aX(L!)

'

(

)

*

E!

600 MeV

+#1.5
s#1MeV#1 for E! < 600 MeV

*

E!

600 MeV

+#!X

s#1MeV#1 for E! > 600 MeV
(2.4)
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2 Extragalactic gamma-ray di!use background from star-forming galaxies

In this Section, we compute the EGRB adopting the Herschel PEP/HerMES IR luminosity
function up to z ! 4 [31] and the relation connecting the IR luminosity to the gamma-ray
luminosity presented by the Fermi Collaboration [6]. The luminosity function provides a
fundamental tool to probe the distribution of galaxies over cosmological time, since it allows
us to access the statistical nature of galaxy formation and evolution. It is computed at
di!erent redshifts and constitutes the most direct method for exploring the evolution of a
galaxy population, describing the relative number of sources of di!erent luminosities counted
in representative volumes of the universe. Moreover, if it is computed for di!erent samples of
galaxies, it can provide a crucial comparison between the distribution of galaxies at di!erent
redshifts, in di!erent environments or selected at di!erent wavelengths.

2.1 Gamma-ray luminosity function inferred from infrared luminosity function

Up to now, the total emissivity of IR galaxies at high redshifts had been poorly known because
of the scarcity of Spitzer galaxies at z > 2, the large spectral extrapolations to derive the total
IR luminosity from the mid-IR, and the incomplete information on the redshift distribution of
mid-IR sources [27]. Herschel is the first telescope that allows to detect the far-IR population
to high redshifts (z < 4–5) and to derive its rate of evolution [31]. From stellar mass function
studies, one finds a clear increase of the relative fraction of massive star-forming objects
(with mass M > 1011M!) as a function of redshifts, starting to contribute significantly to
the massive end of the mass functions at z > 1 [31–35].

The IR population does not evolve all together as a whole, but it is composed of di!erent
galaxy classes evolving di!erently and independently. According to Ref. [31], among detected

star-forming galaxies, IR observations report 38% of normal spiral galaxies (NG), the 7% of
starbursts (SB), and the remaining goes in star-forming galaxies containing AGN (SF-AGN)
at 160µm, being the latter ones star-forming galaxies containing either an obscured or a
low-luminosity AGN that still contributes to the cosmic star-formation rate. (Note that,
in general, the intrinsic fractions are functions of redshifts.) Here we consider all of them
as gamma-ray (and neutrino) sources. The galaxy classification has been done with the IR
spectral data, where those that have the far-IR excess with significant ultraviolet extinction
are interpreted as the activities associated with star formation (hence classified as SB), and
those who exhibit mid-IR excess can be attributed to the obscured or low-luminosity AGNs
(SF-AGN). The SB selected this way will feature high star-formation rate as well as high
gas density, where both these features make the production of gamma rays and neutrinos
e"cient. The specific star-formation rate obtained for the SB population is shown to be on
average 0.6 order of magnitude higher than that for the NG population [31].1

The gamma-ray intensity is calculated with the gamma-ray luminosity function as

I(E!) =

! zmax

0
dz

! L!,max

L!,min

dL!

ln(10)L!

d2V

d#dz

"

X

$!,X(L! , z)
dF!,X (L! , (1 + z)E! , z)

dE!
e""(E! ,z) ,

(2.1)
where $!,X(L! , z) = d2NX/dV d logL! is the gamma-ray luminosity function for each galaxy
family X = {NG, SB, SF-AGN}, dF!,X(L! , (1 + z)E! , z)/dE! is the di!erential gamma-
ray flux at energy E! from a source X at the redshift z, d2V/d#dz the comoving volume

1Some literature adopts the values of the specific star-formation rate in order to define NG and SB popu-
lations. But we note that both conventions are consistent with each other as shown in Fig. 15 of Ref. [31].
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Injection spectral index:
-                   for normal galaxies
-                   for starbursts
- SB-like or NG-like according to z for SF-AGN
�SB = 2.2
�NG = 2.7



Diffuse Emission from Star-Forming Galaxies

* Tamborra, Ando, Murase, JCAP 09 (2014) 043. 
  See also: Strong et al. (1976), Thompson et al. (2006), Fields et al. (2010), Makiya et al. (2011), Stecker&Venters(2011).
   Loeb&Waxman (2006), Lacki et al. (2011), Murase et al. (2013).

Neutrino intensity with its astrophysical uncertainty band within IceCube band for E<0.5 PeV. 
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The SB spectral index matching simultaneously Fermi and IceCube data is                    .�SB ' 2.15

Constraints from Fermi and IceCube Data
Fermi and IceCube data can constrain starburst abundance and their injection spectral index.

3 Results: Di!use Neutrino Flux from Star-forming galaxies

Neutrino production at TeV to PeV energies is thought to proceed via pion production via
proton-photon (p ! !) or proton-gas (pp) interactions. Such interactions produce !-rays as
well as neutrinos. However the relative flux of neutrinos and !-rays depend on the ratio of
charged to neutral pions, N!±/N!0 , and the relative neutrino flux per flavor depends on the
initial mix of "+ to "! [38]. In this work we focus on pp interactions, that are thought to
be the main hadronic process. Therefore N!± " 2N!0 and the flavor ratio after oscillations
is #e : #µ : #" = 1 : 1 : 1 (and the same is for antineutrinos) [38]. Hence, following [48] and
assuming the source at a much larger distance with respect to the typical interaction length,
the relative di!erential fluxes of !-rays and neutrinos are related as

!

#!

I#(E#) " 6 I$(E$) , (3.1)

with E$ " 2E# .
The expected neutrino spectrum is plotted in Fig. 2 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. 2.3. The black line is the di!use neutrino
intensity obtained adopting the SFR, while the blue line is the IceCube measured flux with
its error band as in Eq. 1.1. Our computed flux is comparable within the astrophysical
uncertainties with the IceCube one especially at low energies.

4 Fermi and IceCube Bounds on the Starburst Injection Spectral Index
and Abundance

The injection spectral index of the gamma-ray spectrum of starbursts is poorly constrained
as well as the fraction of SF-AGN that behaves similarly to SB. Here we consider as free
parameters "SB as well as the fraction of galaxies containing AGN that behaves similarly to
starbursts (0 # fSB!AGN # 1), and compute their allowed variation region compatible with
both the Fermi and Icecube data. Therefore Eq. 2.1 becomes

I$(E$) = I$,NG(E$)+I$,SB(E$ ,"SB)+[fSB!AGN I$,SB(E$ ,"SB) + (1! fSB!AGN) I$,NG(E$)] .
(4.1)

Note as it recovers Eq. 2.1 and our previous results for fSB!AGN = 0.
Figure 3 shows the exclusion regions by Fermi and IceCube data in the plane defined by

the injection spectral index ("SB) and the fraction of starburst (fSB!AGN), compatible with
the Fermi data [39] and IceCube ones as in Eq. 1.1. Note as the Fermi data at the moment
exclude a larger region of the parameter space than the IceCube ones. We can conclude
that very hard spectra for SB (i.e., "SB < 2.2) are excluded from present data and there is
a tendency to allow more abundant starbursts as much as the spectral index is softer since
they give a lower contribution to the high energy tail of the spectrum.

5 Extragalactic gamma-ray di!use background adopting the star forma-
tion rate

In this Section, for comparison to previous results, the !-ray and neutrino di!use background
adopting the cosmological star formation rate is derived adopting, as template galaxies, the
MW as normal galaxy and M82 and NGC 253 as examples of starbursts.

– 6 –* Tamborra, Ando, Murase, JCAP 09 (2014) 043.

SB spectral index and SB-AGN fraction compatible with Fermi and IceCube data   
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Diffuse Emission from Star-Forming Galaxies

* Bechtol, Ahlers, Di Mauro, Ajello, Vandenbroucke, arXiv: 1511.00688. Fermi Collaboration, arXiv: 1511.00693.
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FIG. 1. The �-ray (red lines) and per-flavor neutrino (black lines) contribution of the hadronic emission model following Eq. (1)
with � = 2.5. We show the contribution of direct and cascaded � rays separately as dashed and dotted lines, respectively. In
the left plot the emission is normalized according to the best-fit of the combined neutrino data [1] in the 25 TeV to 2.8 PeV
energy range (grey-shaded area). The corresponding total �-ray emission is only marginally consistent with the isotropic �-ray
background (IGRB). In the right plot we show the same model normalized to the best-fit 14% non-blazar emission in the
0.05� 1 TeV EGB (red-shaded area).

associated to BL Lac type blazars. In addition to the in-
dividually resolved 2FHL sources, which comprise ⇠ 40
percent of the total EGB intensity, the flux distribution
of sources fainter than the detection threshold of about
8⇥ 10�12 ph cm�2 s�1 has been constrained by the sta-
tistical distribution of individual photons [30]. Specif-
ically, the number of spatial pixels containing varying
numbers of photons can provide information of the num-
ber of sources at fluxes down to about 1.3 ⇥ 10�12 ph
cm�2 s�1. The 2FHL catalog sources and pixel counting
method together yield a best-fit flux distribution which
is well parameterized by a broken power law with a flux
break in the range [0.8, 1.5] ⇥ 10�11 ph cm�2 s�1 and a
slope above and below the break equal to ↵1 = 2.50 and
↵2 2 [1.60, 1.75], with dN/dS / S�↵.

The integral of this flux distribution is 2.07+0.40
�0.34⇥10�9

ph cm�2 s�1 sr�1 compared to the total EGB intensity
above 50 GeV of (2.40±0.3)⇥10�9 ph cm�2 s�1 sr�1. In
other words, blazars comprise 86+16

�14% of the total EGB
intensity [30]. The best-fit cumulative intensity of resid-
ual emission, from both discrete extragalactic sources and
truly di↵use processes, is 14%, corresponding to an in-
tensity of 3.3 ⇥ 10�10 ph cm�2 s�1 sr�1 above 50 GeV.
Taking uncertainties into account, the allowed range for
the non-blazar EGB component is at the level of 28%
(6.6⇥ 10�10 ph cm�2 s�1 sr�1).

Cumulative �-ray and neutrino flux from SFGs—The
hadronic emission of SFGs is thought to originate from
CR interactions in interstellar space, analogous to the
di↵use emission observed from our own Galaxy. The res-
idency time of CRs in given galaxy is determined by the

timescale of di↵usive escape, transport by advective out-
flows, and hadronic interactions with ambient gas. If the
loss time is dominated by di↵usive escape, the hadronic
emission follows a dN/dE ⇠ E�↵�� spectrum where ↵ is
the e↵ective index of the injected CR nucleon spectrum
and � is the index of the energy dependence of the di↵u-
sion tensor. Typical values are � ' 1 (Bohm), � ' 1/2
(Kraichnan) or � ' 1/3 (Kolmogorov). Note that if CRs
are accelerated in multiple source populations with di↵er-
ent rigidity cuto↵s and mass compositions, the resulting
e↵ective nucleon spectrum can have additional spectral
features.

On the other hand, starburst galaxies, a subset of SFGs
that undergo an episode of vigorous star formation in
their central regions, have gas densities that are much
higher than observed in quiescent galaxies [37, 38]. Dif-
fusion in starburst galaxies might also become weaker
due to strong magnetic turbulence [39, 40], while advec-
tive processes might be enhanced [41]. Since losses by
inelastic collisions and advection are nearly independent
of energy, the hadronic emission of starbursts is expected
to follow more closely the injected CR nucleon spectrum,
E�↵. Indeed, the nearby starburst galaxies M82 and
NGC 253 both exhibit relatively hard �-ray spectral in-
dices in the GeV to TeV energy range of 2.1 to 2.3 [42–44].
Due to the harder emission and a higher pion production
e�ciency, the starburst subset is predicted to dominate
the total di↵use �-ray emission of SFGs beyond a few
GeV [27]. Provided that the CR accelerators in starburst
galaxies are capable of reaching per nucleon energies ex-
ceeding 20�30 PeV, the hadronic emission can also con-

New Fermi study finds that blazars make 86% of the total extra-galactic gamma-ray 
background. Results in tension with star-forming galaxies as dominant source of the diffuse 
gamma-ray and neutrino backgrounds.
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over the comoving distance �:

I�(E) =

Z
d�W�(E, z) , (1)

W�(E, z) =
1

4⇡⇤E02
min

✓
E

E0
min

◆�↵ n(z)hL�(z)i
(1 + z)↵

e�⌧(E,z) ,

(2)

where n(z) is the source number density at z, hL�(z)i is
the mean gamma-ray luminosity emitted between E0

min

=
0.1 GeV and E0

max

= 100 GeV in the source rest frame
(as represented by 0), and

⇤ =

(
1�(E0

max

/E0
min

)

2�↵

↵�2

for ↵ 6= 2 ,
ln(E0

max

/E0
min

) for ↵ = 2 .
(3)

The source luminosity density is assumed to evolve as

n(z)hL�(z)i = E�,0 ⇥
⇢

(1 + z)� for z  zc ,
(1 + zc)� for z > zc .

(4)

The constant evolution above zc is motivated by the ob-
servations of infrared luminosity density of star-forming
galaxies (e.g., [58]). We note that unless the redshift
dependence continues to increase steeply up to high z,
our conclusions are largely una↵ected. Very-high-energy
gamma rays are subject to absorption by the extragalac-
tic background light (EBL). This is taken into account
through the exponential term in Eq. (2), where ⌧(E, z)
is the optical depth [59].
For each set of (↵, �, zc), by taking E�,0 as a free pa-

rameter, we compute the �2 statistic as follows:

�2 =
X

i

✓
Ii,dat � Ii,th(E�,0|↵, �, zc)

�i,dat

◆
2

, (5)

where Ii,dat and �i,dat are the spectral intensity data and
the associated root-mean-square error in the i-th energy
bin, respectively, and Ii,th(E�,0) is the theoretical model
intensity for E�,0. The 95% confidence level (CL) upper
limit on E�,0 is obtained by solving ��2 = �2 � �2

min

=
2.71.
The top panel of Fig. 1 shows the gamma-ray spectrum

for ↵ = 2.2, � = 2, and zc = 1.5 (blue dotted), compared
with the IGRB measured by Fermi [48]. The value of the
local luminosity density E�,0 corresponding to the 95%
CL upper limit is E95%CL

�,0 = 2.5⇥ 1045 erg yr�1 Mpc�1.
Cross correlation with galaxy catalogs.—The cross-

correlation angular power spectrum, C�g
` , between the

gamma-ray intensity, I�(n̂), and the galaxy surface den-
sity, ⌃

g

(n̂), is related to the angular correlation function
through the following relation (e.g., [54]):

h�I�(n̂) �⌃g

(n̂+✓)i =
X

`

2`+ 1

4⇡
C�g

` W` P`(cos ✓) , (6)

where �I� = I� � hI�i, �⌃
g

= ⌃
g

� h⌃
g

i, P`(cos ✓) is
the Legendre polynomial, and W` is the beam window

FIG. 1. Top: Gamma-ray (blue) and neutrino (red) intensi-
ties for a model with ↵ = 2.2, � = 2, and zc = 1.5. The dotted
curves correspond to the 95% CL upper limit due to the Fermi
spectrum data (the green band represents the systematic un-
certainty due to the subtraction of the Galactic emission [48]).
The solid curves correspond to the same limit but due to
the cross-correlation data. IceCube data for the neutrino in-
tensity are shown above 10 TeV, whereas the orange band
represents the 68% CL region of the corresponding best-fit
single power-law model [5]. Bottom: Cross-correlation angu-
lar power spectrum between the Fermi data, above 1 GeV,
and the 2MASS galaxies, compared with the measurements
by Ref. [52]. Model parameters as well as line types are the
same as the top panel.

function (i.e., the Legendre transform of the point spread
function of the Fermi-LAT [52]).
The angular cross-power spectrum C�g

` is computed as
(e.g., [54])

C�g
` =

Z
d�

�2

W�(z)Wg

(z)P�g

✓
k =

`

�
, z

◆
, (7)

where W�(z) is the integrated gamma-ray window func-
tion, and W

g

(z) is the galaxy window function that
is related to the galaxy redshift distribution, dN

g

/dz,
via W

g

(z) = (d lnN
g

/dz)(dz/d�). We approximate the

4

FIG. 3. The 95% CL upper limits on the neutrino intensity
integrated above 25 TeV as a function of � for various values
of ↵ and fixed zc = 1.5. Thick and thin curves show the limits
due to the tomographic and spectral analyses of the IGRB,
respectively. The horizontal magenta band shows the 68% CL
interval of the best-fit single power-law model for the IceCube
neutrino data [5], corresponding to the neutrino band shown
in Fig. 1.

shown for comparison. For each model characterized by
(↵, �), we show constraints due to the spectral and tomo-
graphic data, as thin and thick curves, respectively. Note
that the tomographic analysis gives tighter constraints by
up to one order of magnitude with respect to the spec-
tral analysis, especially for small �. In particular, for any
source class slowly evolving (e.g., � . 3), even a very hard
spectrum such as E�2.1 is nearly excluded as dominant
source for the IceCube neutrinos. Any soft source with
↵ & 2.2 should contribute much less to the total neutrino
flux than previously expected (e.g., Refs. [24, 47]). Mod-
els with spectrum as hard as E�2, on the other hand, are
still compatible with the IceCube flux level.

Discussion and outlook.—Under the hypothesis that
the TeV–PeV IceCube neutrinos are mostly generated
from pp interactions in a single astrophysical source class
(or more classes with similar properties), Fig. 3 implies
that a model with ↵ ⇡ 2.15 and � ⇡ 4 (for zc = 1.5)
can explain most of the neutrino flux. At the same time,
sources of this kind can explain most of the IGRB flux as
well as the measured cross correlations. We note that in
order for such a hard spectrum to be compatible with the
IceCube data, a PeV spectral cuto↵ is required [5] (but
data in the northern hemisphere still allow it without
a cuto↵ [6]). Otherwise, the comparison of the current
data set with our results might suggest a mixed pp–p�,
or even a pure p� origin of the IceCube neutrino events.

Interestingly, starburst galaxies well satisfy the above

conditions for the pp origin, although e�cient cosmic ray
confinement needs to be achieved [19, 24, 28]. While di-
rect gamma-ray measurements of the redshift evolution of
star-forming galaxies are not yet available, observations
of their infrared luminosity (or of the star-formation rate)
support such steep evolution. In particular, the evolu-
tion of starburst galaxies is characterized by � & 4 up to
zc ⇡ 1.5 [58]. Here, we assumed that the local correlation
between infrared and gamma-ray luminosities [63] holds
also at high redshifts.
Based on a modeling of resolved gamma-ray sources,

Ref. [64] argued that about 20–30% of the IGRB above
100 MeV can be explained by blazars (a subclass of
AGNs). Furthermore, for energies above ⇠100 GeV, the
blazar contribution can be substantial, explaining most
of the IGRB data and leaving little room for any other
source. This might point toward an even harder source
population with steep redshift evolution for the neutri-
nos, which would be, however, subdominant both in the
IGRB flux and cross correlations. For example, in the
case of ↵ = 2 and � = 4, once we tune the gamma-ray lu-
minosity density to match the level of ⇠10% of the IGRB
flux and cross correlations, the same model could explain
most of the neutrino data.
Clusters and groups of galaxies have also been investi-

gated as potential neutrino sources [40, 47], where cosmic
rays, generated through large-scale-structure shocks [37,
40] or injected by star-forming galaxies [27], interact with
the intracluster medium. Since the cluster/group num-
ber density decreases as a function of redshift, imply-
ing a small value of �, tomographic constraints are very
stringent. When considering starbursts or AGNs in clus-
ters/groups, their quick redshift evolution has to be cou-
pled with the negative one of clusters. As an example,
we calculated that the overall evolution is locally charac-
terized by � < 2 that quickly decreases to negative val-
ues for z & 0.5. In addition, clusters are largely biased
with respect to dark matter (i.e., b� ⇠ 5 for 1015M�
and z = 0 [65]), making the tomographic constraints
tighter than those shown in Fig. 3. Therefore, clusters
and groups are disfavored by the cross-correlation data.
These arguments cannot be applied to p� sources, such

as AGNs [12, 13, 15, 16, 18]. This is because the threshold
for p� interactions is typically very high. It is also argued
that such sources may be optically thick for GeV gamma
rays [66]. In any case, it appears di�cult that AGNs can
be responsible for all the IceCube neutrino events. In
fact, Ref. [18] recently suggested that the di↵use emission
from blazars can explain the IceCube neutrino flux at
energies above ⇠PeV only.
In conclusion, the tomographic method that we apply

for the first time to high-energy neutrinos yields tight
constraints on the properties of any hadronuclear source,
providing complementary bounds on their injection spec-
tral index and redshift evolution. In particular, we show
that only hard spectrum sources with fast redshift evolu-

Cross-correlation between GeV gamma rays and galaxy catalogs provides bounds on the 
neutrino luminosity density up to one order of magnitude tighter than those obtained from 
the energy spectrum. 

Any hadro-nuclear source with a spectrum softer than E     and evolution slower than 
(1+z)  is excluded. 
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Neutrino Emission from Gamma-Ray Bursts

* Image credit: Gomboc, Contemp. Phys. 53 (2012) 339.
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* Meszaros, Rept. Prog. Phys. 69 (2006) 2259.  Credits for images: ESA, Hubble, NASA web-sites. 
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* Waxman & Bahcall, PRL 78 (1997) 2292, PRD 64 (2001) 023002. Guetta et al., Astropart. Phys. 20 (2004) 429.

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".

HIGH ENERGY ASTROPHYSICAL NEUTRINOS: THE . . . PHYSICAL REVIEW D 64 023002
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* Allison et al., arXiv: 1507.00100. IceCube Collaboration, ApJ 805 (2015) 1, L5. ANTARES Collaboration, A&A 559 (2013) A9.

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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Existing detectors are achieving relevant sensitivity.
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Diffuse Emission from Gamma-Ray Bursts
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Figure 6. Predicted E2
!F

!µ(E!) for a typical HL-GRB (L̃iso = 1052 erg s!1), LL-GRB (L̃iso =
1048 erg s!1), and sGRB (L̃iso = 1051 erg s!1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution a!ects the high-energy tail of the spectra in
all cases.

duced in Sec. 2 (normalized to unity after integration over luminosity):

IX(E!) =

! zmax

zmin

dz

! L̃max

L̃min

dL̃iso
c

H0"

1
"

#M(1 + z)3 + #!

RX(z)$X(L̃iso)

#

dN!µ

dE!
!

$

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ! [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E!

! = E!(1 + z)/". Note as the chosen values for tv and " (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation of
the di!use neutrino emission also depends on parameters such as !e, !B, " and h"p that are
currently not constrained from observations and should therefore be considered with caution.

For each population X, we implement the analytical recipe described in Sec. 3 and auto-
matically define the neutrino energy spectrum according to the specific hierarchy among the
di!erent cooling processes for each (L̃iso, z). Note as for luminosities and redshifts di!erent
than the ones adopted in Figs. 2, 3 and 4, the hierarchy among the cooling times changes.
For example, we find that the adiabatic cooling becomes relevant for pions and kaons when
L̃iso is on the lower tail of the studied luminosity interval for all the three GRB families.

We do not include GRBs whose parameters (L̃iso, z) violate the condition """ " 1
(Eq. 3.19) in our calculations. However, for the assumed input parameters, """ > 1 is
realized only for sources with z > 7 and with luminosities at the upper extreme of their
interval. Therefore, our computation might underestimate the expected di!use flux only by
a few % since the di!use neutrino flux is not a!ected from sources at z > 7.

Figure 7 shows the di!use high-energy neutrino intensity for the HL-GRB (light-blue
band), LL-GRB (violet band) and sGRB (orange band) components as a function of the
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Recent work based on BATSE, 
Fermi and Swift data. 

Analytical modeling of the prompt 
emission from fireballs, involving 
pion and kaon decays. 
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Example of predicted HL-GRB flux w/o flavor oscillations at z=1.

  See also Guetta et al., Astropart. Phys. (2004). Huemmer, Baerwald, Winter, PRL (2012). Li, PRD (2012). 

can be extrapolated from the ones from pions rescaling m!(!!) to mK(!K) and taking into
account the di!erent multiplicity factors.

Muons are also produced from kaon decay. The resultant neutrino energy spectrum will
be determined as the one described for muons from pion decay (see Eqs. 3.13, 3.14 and 3.15).

The bottom panels of Figs. 2, 3 and 4 show the relations among the muon and kaon
lifetimes and the cooling times, similarly to the top panels for pions and muons from pion
decays, assuming that E!

K = 2E"(1 + z)/" and E!
µ = 3E"(1 + z)/". The hadronic cooling is

negligible, while the adiabatic cooling is relevant for muons for the model parameters plotted
in these figures. Note that the break energies in the neutrino spectrum due to the kaon
radiative cooling occur at higher energies than the ones due to pion radiative cooling given
the di!erences in the rest-mass and lifetimes of the two parent particles [70, 71]. We neglect
here the contribution to the neutrino flux coming from K0, see Ref. [38] for a dedicated
discussion.

3.3 Neutrino energy spectra

As discussed in the previous section, the neutrino energy spectrum for one flavor (" + "̄)
resulting from #, K, and µ decays will be a broken power law derived from the parent proton
spectrum (that we assume is proportional to E"2

p ) with further breaks defined according
to the hierarchy of the cooling processes. For example, when the pion hadronic cooling is
negligible, the adiabatic cooling is relevant for muons only, and E!

",b,µ < E!
",µ,ac < E!

",µ,rc,3 <
E!

",!,rc, the resultant neutrino energy spectrum produced from muons from pion decay will
be:
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(3.19)

For each decay channel i, the neutrino energy spectrum is normalized in terms of the
total photon fluence by generalizing the expression proposed in Refs. [10, 72]:

) #

0

dE"E"

!

dN"

dE"

"

inj,i

= Ni
hp,i
h%p

[1$ (1$ %$p&)
&p# ]

) #

0

dE%E%

!

dN%

dE%

"

inj

. (3.20)

In our numerical computations within the canonical model, we assume the gamma-ray–
proton luminosity ratio h%p = Liso/Lp = 10"2 for HL-GRBs and sGRBs as suggested by joint
analysis of high-energy neutrino and ultrahigh-energy cosmic ray (UHECR) data [28, 30] and
under the assumption that sGRBs behave similarly to HL-GRBs; while we adopt h%p = 10"3

for the LL-GRB family assuming that the % production is suppressed in these GRBs with
respect to the other two GRB families for the same Lp

2. We will discuss in detail the

2Note as, assuming Lj = Lp+Le+LB and !e ! !B , one has that h#p ! !e/(1"!e "!B) # !e. This justifies
the choice of the numerical values of !e and !B introduced in Sec. 3 and adopted trough the whole paper.
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Figure 5. Predicted E2
!F!(E!) for a typical HL-GRB (L̃iso = 1052 erg s!1, z = 1) without flavor

oscillations. Top: Neutrino fluence from ! (blue line) and K (magenta line) decays as well as from
µ from pion decay (µ", dashed blue line) and µ from kaon decay (µK , dashed magenta line). Bot-
tom: E2

!F!e(E!) (black line) and E2
!F!µ(dE!) (red line) for a typical HL-GRB and without flavor

oscillations.

as by adopting the analytical prescription developed in Sec. 3, we find that our estimation
of the neutrino flux from GRBs gave results close to the ones obtained adopting numerical
routines in [10, 20, 74], by adopting their same GRB inputs.
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as by adopting the analytical prescription developed in Sec. 3, we find that our estimation
of the neutrino flux from GRBs gave results close to the ones obtained adopting numerical
routines in [10, 20, 74], by adopting their same GRB inputs.
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     resonance � cooling processes

Neutrinos Emission from Gamma-Ray Bursts



GRBs can make up to few % of the high-energy IceCube flux in the sub-PeV region. 
LL-GRBs can be main sources of the IceCube flux in the PeV range.

* Tamborra & Ando, JCAP 1509 (2015) 09, 036. See also: Liu&Wang (2013), Murase&Ioka (2013), Razzaque&Yang (2015).  
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Figure 7. Di!use !µ intensity as a function of the neutrino energy after flavor oscillations for the
HL-GRB (blue band), LL-GRB (violet band) and sGRB (orange band) families. The bands represent
uncertainties related to the luminosity functions and local rates (Table 1), whereas all the other
GRB parameters are fixed to the canonical values. The best fit estimation of the high-energy di!use
neutrino flux as in [43] is plotted in light blue, while the blue dot (IC-GRB) marks the upper limit of
the GRB di!use neutrino flux from the IceCube Collaboration [20]. The di!use neutrino background
from GRB fireballs is smaller than the observed high-energy IceCube neutrino flux in the sub-PeV
energy range and it scales di!erently as a function of the neutrino energy.

For each population X, we implement the analytical recipe described in Sec. 3 and auto-
matically define the neutrino energy spectrum according to the specific hierarchy among the
di!erent cooling processes for each (L̃iso, z). Note as for luminosities and redshifts di!erent
than the ones adopted in Figs. 2, 3 and 4, the hierarchy among the cooling times changes.
For example, we find that the adiabatic cooling becomes relevant for pions and kaons when
L̃iso is on the lower tail of the studied luminosity interval for all the three GRB families.

We do not include HL-GRBs and sGRBs whose parameters (L̃iso, z) violate the condition
"!! ! 1 (Eq. 3.22) in our calculations. However, for the assumed input parameters, "!! > 1
is realized only for sources with z > 7 and with luminosities at the upper extreme of their
interval. Therefore, our computation might underestimate the expected di!use flux only by
a few % since the di!use neutrino flux is not a!ected from sources at z > 7.

Figure 7 shows the di!use high-energy neutrino intensity for the HL-GRB (light-blue
band), LL-GRB (violet band) and sGRB (orange band) components as a function of the
neutrino energy. Each band takes into account the uncertainty due to the LF determination
as from Table 1.
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Active Galactic Nuclei and Blazars

* Padovani, Petropoulou, Giommi, Resconi, MNRAS 452 (2015) 2, 1877. Murase, arXiv: 1511.01590.

Blazars could also contribute to the neutrino 
background for E>0.5 PeV. 

A simplified view of blazars: the neutrino background 11

Figure 5. The electromagnetic and neutrino extragalactic
backgrounds predicted by our simulations in the energy range
100 MeV – 300 PeV. The left side of the plot (E < 1 TeV)
shows the �-ray background for various classes compared to
the total extragalactic electromagnetic emission observed by
Fermi-LAT (adapted from Paper IV), whereas the right side
(E > 10 TeV) illustrates our prediction for the neutrino back-
ground (all flavours) for our benchmark case (E

break

= 200
GeV,�� = 0.5) for all BL Lacs (blue solid line) and HBL (blue
dotted line) and Y

⌫�

ranging between 0.8 (upper curves) and
0.3 (lower curves; see text for details). The (red) filled points
are the (all flavours) data points from IceCube Collaboration
(2014), while the open points are the 3� upper limits.

parison of the model predicted NBG with current Ice-
Cube upper limits and, ultimately, future detections at
E

⌫

> 2 PeV, can be used to constrain the value of Y
⌫�

.
In other words, this would provide an indirect way of
probing the origin of the BL Lac �-ray emission.

5.6 The big picture

Fig. 5 displays both the electromagnetic and neutrino
extragalactic backgrounds predicted by our simulations
and the available measurements in the energy range 100
MeV – 300 PeV. The left side shows the �-ray background
compared to the total extragalactic electromagnetic emis-
sion observed by Fermi-LAT (adapted from Paper IV),
whereas the right side illustrates our prediction for the
NBG (all flavours) for our benchmark case for all BL
Lacs (blue solid line) and HBL (blue dotted line) and
Y
⌫�

ranging between 0.8 (upper curves) and 0.3 (lower
curves), the latter value being more consistent with the
IceCube high-energy non-detections.

The EGB can be approximated by a power law with
exponential cuto↵ having � ' 2.3 and a break energy
⇠ 280 GeV (Ackermann et al. 2015), the latter very likely
due to the EBL absorption of �-ray photons from dis-
tant (z & 0.3) sources (e.g. Ajello et al. 2015, and Paper
IV). As a simple extrapolation of the EGB power law to
the PeV energy range goes through the IceCube data, it
might be tempting to assume that there is a single class

of sources that explains both the EGB at E . 10 GeV
and the NBG below ⇠ 0.5 PeV. This population cannot
be the blazar one, for the following two reasons: (i) in
the BSV scenario, blazars contribute ⇠ 50% � 70% to
the total EGB at E . 10 GeV, while BL Lacs may ex-
plain almost 100% of the EGB flux at E & 100 GeV; (ii)
similarly, BL Lacs contribute only ⇠ 10% to the NBG
at energies < 0.5 PeV, while they may fully explain the
observed NBG above 0.5 PeV. If starburst galaxies can
explain part of the EGB at E > 100 MeV (e.g. Lacki, Ho-
riuchi, & Beacom 2014, and references therein) then they
could also be a promising candidate class for explaining
the sub-PeV IceCube neutrinos (e.g. Loeb & Waxman
2006; Stecker 2007). We note, in fact, that in proton-
proton scenarios of �-ray emission, relevant to starburst
galaxies, the neutrino and �-ray spectra have the same
power law index as the parent proton population (e.g.
Kelner, Aharonian, & Bugayov 2006).

Alternatively (or at the same time) the low-energy
neutrino events could also have a Galactic component
(e.g. Padovani & Resconi 2014). In any case, if there is
a di↵erent class of sources contributing to the sub-PeV
energy range, there is still room for individual BL Lac
sources, like MKN 421 (see Fig. 2 and relevant discus-
sion). Finally, we note that the EGB in Fig. 5 shows the
sum of unresolved and resolved �-ray emission of the ex-
tragalactic sky, whereas in the case of IceCube neutrinos
we are not yet in the position to distinguish between a
resolved and an unresolved contribution. The current sta-
tus of neutrino astronomy, therefore, somewhat resembles
that of �-ray astronomy in its very early days (i.e. those
of SAS-2 and COS-B).

The scenario, which appears to emerge by comparing
our model NBG with the data is the following: at low en-
ergy (E

⌫

. 0.5 PeV) BL Lacs can only explain ⇠ 10% of
the IceCube data. Some other population/physical mech-
anism needs to provide the bulk of the neutrinos. How-
ever, this does not exclude the possibility that individual
BL Lacs still make a contribution at the ⇡ 20% level
to the IceCube events. At high energy (E

⌫

& 0.5 PeV)
BL Lacs can account fully for the IceCube data. The
strong implications of our scenario are: 1. IceCube should
soon start resolving at least some of the NBG; 2. IceCube
should also detect events at E

⌫

& 2 PeV in the next few
years.

6 CONCLUSIONS

We have included in the blazar simplified view scenario,
which reproduces extremely well the statistical properties
of blazars from the radio to the �-ray band, a hadronic
component and calculated via a leptohadronic model the
neutrino background produced by the whole BL Lac
class. For the first time, this is done by summing up the
fluxes of all the BL Lacs generated by a Monte Carlo sim-
ulation, each with its own di↵erent properties. Our main
results can be summarised as follows:

(1) BL Lacs as a class can easily explain the whole
neutrino background at high-energies (& 0.5 PeV) while

c� 2015 RAS, MNRAS 000, 1–13
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Fig. 4. Left panel: All-flavor di!use neutrino intensity calculations for various AGN-related mod-
els: (AGN Jet) a blazar model by Murase et al.,43 (AGN Core) a LLAGN core model by Kimura
et al.,67 (AGN in Galaxy Cluster/Group) a CR reservoir model by Murase et al.84 but with opti-
mistic and moderate normalization, (Cosmogenic) a cosmogenic neutrino model by Takami et al.92

for the ankle-transition scenario. One should keep in mind that each model has large uncertainty
in its prediction. The di!use neutrino intensity data from the IceCube combined likelihood analy-
sis41 are also shown. Right panel: The nucleon-survival landmark by Waxman and Bahcall100 and
nucleus-survival landmark by Murase and Beacom.103 The di!use neutrino intensity data from
the IceCube three-year high-energy starting event analysis40 are also shown.

it becomes steeper. Note that low mass clusters and groups, which allow us to
have positive redshift evolutions, are needed for the scenario to be consistent with
other gamma-ray constraints a, including those from the gamma-ray background
anisotropy and individual cluster observations.68,88 Also, AGN are not the only CR
accelerators in this scenario. Not only radio-loud AGN but also radio-quiet AGN,
transients in galaxies (such as supernovae and gamma-ray bursts) can contribute to
the resulting neutrino and gamma-ray intensities.

Recently, Giacinti et al.90 attempted to explain the gamma-ray intensity as well
as the observed UHECR intensity and di!use neutrino intensities. However, main
blazar emission itself is unlikely to be of pp origin, and their emission is attributed
to inverse-Compton or p!-induced cascade or proton synchrotron radiation. So neu-
trino and gamma-ray emission will be mainly produced in CR reservoirs containing
radio-loud AGN. In this model, gamma rays from galaxy clusters and groups con-
tribute to the di!use gamma-ray background significantly, and they are expected
to be detected soon or have their emissivity constrained.88,89

While powerful jets may leave their host galaxy, weak jets or disk-driven winds
from an AGN lie in the galaxy. If CRs are accelerated by these outflows and escape
from the AGN, they should interact with interstellar gas until they leave the galaxy.
Although hadronuclear production of neutrinos in normal galaxies is expected to be
ine"cient,67 it can be important when AGN co-exist with starburst galaxies.43,68

aAlthough it is argued that the early work predicted much larger di!use fluxes,88 actually, the early
calculations for only massive clusters84,86 also show E2

!"! ! 10!9
" 10!8 GeV cm!2 s!1 sr!1,

i.e., the level of di!use gamma-ray intensities is very similar.

Contribution from AGN is strongly model-
dependent, but might be sizable. 
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FIG. 1: Left Panel: All-flavor neutrino (thick blue lines) and isotropic di!use !-ray (thin red lines) fluxes for pp and minimal
p! scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ! 10 TeV to ! 2 PeV energies [5], where
s! = sob = 2.5 is used. While pp scenarios require "b! = 25 TeV with a strong tension with the Fermi IGRB [13], minimal p!
scenarios allow the range "b! of 6–25 TeV (shaded regions) as long as the sources are transparent to ! rays (see the main text for
details). Right Panel: Same as the left panel, but now showing di!use neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of di!use !-ray constraints, we pretend that the sources were transparent to ! rays.

generation rates are conservatively related as [81]

!!Q"! !
4

3K
(!#Q"" )

!

!

""="!/2
, (3)

where "-ray and neutrino energies are related as !! !
2!# . However, the generated " rays from the sources may
not be directly observable. Firstly, " rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy " rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct "-ray escape. To see their
importance, we temporarily assume that the sources are
"-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated "-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
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Latest data may point toward a population of CR accelerators hidden in GeV-TeV gamma-ray 
range. Future searches in the X-ray and MeV bands will address with issue. 
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the jet will be collimated for L̃ ! !!4/3
0 or uncollimated

for L̃ " !!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 # #)M"(r/R")

!!/(4$R3
") (# $

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

0,52(!0/0.2)
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",11, where L0 = 4L0j/!20 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 (!0/0.2)

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 ! $ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more di"culty 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 su"ciently 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 %ext ( %(rext)/(5.0 & 10!11 g cm!3).
Then, the jet is typically uncollimated for su"ciently 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 we have used
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where L" is the observed luminosity of LL GRBs, &" is
the gamma-ray emission e"ciency, !j 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

!

Extended 
Material 
!

CE

Progenitor
Core

CCStall Radius

Orphan Neutrinos 

Choked Jet

Shock Breakout

!

"

CE

Progenitor
Core

Stall Radius

Precursor Neutrinos

Extended 
Material 
!

!

CE

Progenitor
Core

"

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
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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].

Next, we consider jets embedded in an extended ma-
terial. The jet can be choked if the mass of the extended
material is su"ciently large. Motivated by the CJ-SB
model for LL GRBs, we consider an extended material
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where L" is the observed luminosity of LL GRBs, &" is
the gamma-ray emission e"ciency, !j 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
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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 su"ciently large. Motivated by the CJ-SB
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where L" is the observed luminosity of LL GRBs, &" is
the gamma-ray emission e"ciency, !j 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
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that becomes an aspherical shock breakout. As described
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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-
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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 ! $ 5, and this possibility of marginally
successful jets has been further investigated by Irwin &
Chevalier [43]. The jet has more di"culty 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 su"ciently 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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where L" is the observed luminosity of LL GRBs, &" is
the gamma-ray emission e"ciency, !j 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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is typically collimated rather than uncollimated. Al-
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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 su"ciently large. Motivated by the CJ-SB
model for LL GRBs, we consider an extended material
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where L" is the observed luminosity of LL GRBs, &" is
the gamma-ray emission e"ciency, !j 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

* Meszaros, Astropart. Phys. (2013). Waxman & Bahcall, PRL (1997). Meszaros & Waxman, PRL (2001). Senno et al. (2016). 

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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FIG. 4: Local formation rate of the jets per unit volume per
unit !b, Rj(z = 0,!b), as a function of !b for fixed !0,HL!GRB

and "SN = 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 p! 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 ("T > 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,!b)d!b =
R(z)#(!b)d!b is the formation rate density of the bursts
with the Lorentz factor between !b and !b + d!b. The
redshift-dependent part of Rj(z,!b) follows the star for-
mation rate [69]:
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with k = "10, p1 = 3.4, p2 = "0.3, p3 = "3.5, and is
normalized such that R(0) = 1. As for the !b depen-
dence on the rate, we assume #(!b) = !!!
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parameters %! and $! in such a way that
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where &SN is the fraction of core-collapse SNe that de-
velop jets, '2SN/2 the fraction of the jet pointing towards
us, RSN(0) # 2 $ 105 Gpc!3 yr!1 [71, 72] the local SN
rate, and (0,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,!b) on !b, Fig. 4 shows Rj(z = 0,!b) as
a function of !b for fixed (0,HL!GRB and &SN = 1, 100%
respectively.

The total di"use neutrino intensity from all bursts is
therefore defined in the following way:
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The top panel of Fig. 5 shows the total di"use 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 [!b,min,!b,max] = [1, 103].
The continuous line stands for &SN = 10%, while the
dashed (dot-dashed) line is obtained by adopting &SN =
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 &SN < 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,!b), 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 &SN 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 di"use intensity from !b, the bottom panel of Fig. 5

Redshift evolution:
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Rate evolution with the 
Lorentz boost factor:

* Tamborra & Ando, PRD 93 (2016) 053010. 
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The IceCube flux could be put indirect 
constraints on 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. Senno et al. (2016).



★ Origin of the IceCube high-energy neutrino flux not yet clear. 

★ Multi-messenger approach useful to pinpoint the origin of the IceCube events. 

★ Diffuse neutrino flux from starburst-like galaxies is one natural possibility.
    Caveats to alleviate tension with Fermi data may be required.

★ Gamma-ray bursts account up to few % of the observed IceCube flux for E< 1 PeV. 
    Low-luminosity gamma-ray bursts dominate the diffuse emission in the PeV range. 

★ Choked or hidden sources may provide a sizable neutrino contribution in the PeV range. 

Conclusions
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for your attention!
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Diffuse emission from star-forming galaxies
For each population, a parametric estimate of the IR luminosity function provided by Herschel 
PEP/HerMES survey.   

* C. Gruppioni et al., arXiv: 1302.5209. M. Ackermann et al., arXiv: 1206.1346.

2.1 Infrared luminosity function and multi-wavelength luminosity comparison

Up to now, the total emissivity of IR galaxies at high redshifts has been poorly known, due
to the scarcity of Spitzer galaxies at z > 2, the large spectral extrapolations to derive the
total IR-luminosity from the mid-IR and the incomplete information on the z-distribution
of mid-IR sources. Herschel is the first telescope which allows us to detect the far-IR popu-
lation to high redshifts (z ! 4 " 5) and to derive its rate of evolution through a luminosity
function analysis [42]. From stellar mass function studies, one finds a clear increase with z
of the relative fraction of massive star-forming objects (with mass M > 1011M!), starting
to contribute significantly to the massive end of the mass functions at z > 1.

The IR population does not evolve all together as a whole, but it is composed by di!erent
galaxy classes evolving di!erently and independently. Following [42], IR observations report
38% of NG, the 7% of SB and the remaining goes in star-forming galaxies containing AGN
(SF-AGN). Here we consider spiral galaxies, starburst and star-forming galaxies containing an
AGN as gamma-ray sources. The !-ray intensity is defined through the luminosity function
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d"dz
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where #X(L! , z) = d2NX/dV dL! is the luminosity function for each galaxy family X =
SG,SB, SF " AGN , dNX(L! , (1 + z)E!)/dE! is the !-ray flux, d2V/d"dz the comoving
volume [43], and we assume zmax # 5.

For each population, we adopt a parametric estimate of the luminosity function in the
IR range at di!erent redshifts [42]:
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that behaves as a power law for LIR $ L"
X and as a Gaussian in logLIR for logLIR for

LIR $ L"
X . The four parameters (#X , "X , L"

X and #"
X) are di!erent for each population X

and are defined as in Table 8 of [42].
The data show a linear correlation between gamma-ray luminosity and IR luminosity

(8" 1000 µm). We adopt the fit scaling relationship given in [39],

log

#

L0.1#100 GeV

erg s#1

$

= # log

#

LIR

1010L!

$

+ $ , (2.3)

with L! the Sun luminosity, # = 1.17 and $ = 39.28 [39]. Note that this equation
parametrizes the relationship between gamma-ray and total IR luminosity up to z # 2,
we assume that it is also valid at higher redshifts (up to zmax # 5) and assume 108L! %
LIR % 1014L!.

2.2 Gamma-ray luminosity flux

As for the distribution of ! as a function of the energy, we here adopt a broken power-law
fit to the GALPROP conventional model of energy di!use !-ray emission and parametrize it
as [6]

dNX(L! , E!)

dE!
= aX(L!)

'

(

)

*

E!

600 MeV

+#1.5
s#1MeV#1 for E! < 600 MeV

*

E!

600 MeV

+#!X

s#1MeV#1 for E! > 600 MeV
(2.4)
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FIG. 4.— As Figure 3, but showing gamma-ray luminosity (0.1–100 GeV) versus total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ! 0.06 dex. The upper abscissa indicates SFR estimated from the IR luminosity according to equation
1 (Kennicutt 1998b).

The IR luminosity is linearly related 
to the gamma-ray luminosity.   



Diffuse emission from star-forming galaxies
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Diffuse gamma-ray intensity for all EGRB components

SF-AGN give the larger contribution to the total EGRB intensity.

* Tamborra, Ando, Murase, JCAP 09 (2014) 043.



* Tamborra, Ando, Murase, JCAP 09 (2014) 043.
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Differential contributions to the EGRB intensity 

Normal galaxies leading contribution up to z=0.5. SF-AGN and SB dominate at higher z. 

Star-Forming Galaxies



Constraints from Fermi and IceCube data

The SB spectral index matching simultaneously 
Fermi and IceCube data is                    .�SB ' 2.15

* Tamborra, Ando, Murase, JCAP 09 (2014) 043.
   See also Loeb&Waxman, JCAP 0605 (2006) 003, Murase, Ahlers, Lacki, PRD 88 (2013) 12, 121301.
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* Tamborra, Ando,JCAP (2015). 

Neutrino emission from gamma-ray bursts

Cooling times in the jet comoving frame 
for HL-GRBs.
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Figure 2. Top panel: Muon and pion lifetimes and cooling times in the jet comoving frame as a
function of the neutrino energy E! for a typical HL-GRB with L̃iso = 1052 erg/s and z = 1. Bottom
panel: Muon and kaon lifetimes and cooling times for the same HL-GRB. For the assumed HL-GRB
parameters, the radiative cooling is always important, while the hadronic cooling is negligible and the
adiabatic cooling is relevant for muons.

are always relevant for all three families for both pions and muons. As we will discuss in
the following, note as such hierarchy among the cooling processes is a function of L̃iso and z
for other fixed GRB parameters. Therefore it will change within the luminosity and redshift
range that we will consider for the computation of the di!use neutrino emission.

3.2 Neutrino production from kaon decay

Yet another contribution to the total neutrino spectrum from GRBs originates from kaon
decays. The resultant neutrino spectrum will have a first break energy coming from the

– 10 –



* Tamborra, Ando,JCAP (2015). 

Neutrino emission from gamma-ray bursts

Predicted GRB flux for HL-GRB at z=1 and 
without flavor oscillations. 
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Figure 5. Predicted E2
!F!(E!) for a typical HL-GRB (L̃iso = 1052 erg s!1, z = 1) without flavor

oscillations. Top: Neutrino fluence from ! (blue line) and K (magenta line) decays as well as from
µ from pion decay (µ", dashed blue line) and µ from kaon decay (µK , dashed magenta line). Bot-
tom: E2

!F!e(E!) (black line) and E2
!F!µ(dE!) (red line) for a typical HL-GRB and without flavor

oscillations.

as by adopting the analytical prescription developed in Sec. 3, we find that our estimation
of the neutrino flux from GRBs gave results close to the ones obtained adopting numerical
routines in [10, 20, 74], by adopting their same GRB inputs.
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Neutrino emission from gamma-ray bursts

* Tamborra, Ando, JCAP (2015). 
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Figure 6. Predicted E2
!F

!µ(E!) for a typical HL-GRB (L̃iso = 1052 erg s!1), LL-GRB (L̃iso =
1048 erg s!1), and sGRB (L̃iso = 1051 erg s!1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution a!ects the high-energy tail of the spectra in
all cases.

4 High-energy di!use neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy di!use neutrino background from
GRB fireballs. We first discuss the expected neutrino background within the canonical model
in terms of the astrophysical uncertainties on the local GRB rates and luminosity functions
(see Table 1), then we study the dependence of the high-energy di!use neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected di!use background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The di!use neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through "X(L̃iso)dL̃iso = "X(L̃!)dL̃! with " the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(E!) =

! zmax

zmin

dz

! L̃max

L̃min

dL̃iso
c

4!H0#

1
"

$M (1 + z)3 + $!

RX(z)"X(L̃iso)

#

dN!µ

dE!
!

$

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ! [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E!

! = E!(1 + z)/#. Note as the chosen values for tv and # (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the di!use neutrino emission from GRBs also depends on parameters such as "e, "B , # and
h"p that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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Predicted GRB flux with flavor oscillations at z=1.

  See also Guetta et al., Astropart. Phys. (2004). Huemmer, Baerwald, Winter, PRL (2012). Li, PRD (2012). 



Conclusions robust with respect to 
variation of model parameters. 

Diffuse emission from gamma-ray bursts

* Tamborra & Ando, JCAP (2015).  
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Figure 8. Di!use !µ intensity as a function of the neutrino energy after flavor oscillations for the
HL-GRB (blue), LL-GRB (green) and sGRB (red) families, for di!erent values of " (top panel) and
tv (bottom panel) as from Table 2. The best fit estimation of the high-energy di!use neutrino flux as
in [43] is plotted in light blue.

detected with Fermi/GBM. In agreement with Refs. [24, 25], we conclude that the neutrino
flux from the low-luminosity GRBs could be comparable to the one from the high-luminosity
GRBs and such GRBs could be the main contributors to the IceCube high-energy neutrino
flux around E! ! PeV.

Our results, although should be considered with caution given the uncertainties on the
GRB models for the neutrino emission and their parameters, suggest that larger exposure
is required to discriminate neutrinos from high-luminosity GRBs in forthcoming stacking
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GRBs cannot explain the IceCube flux 
for sub-PeV energies, but could 
contribute around PeV energies for 
certain choices of the model parameters.



Constraints on the SN-GRB connection
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