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The high-energy neutrino astronomy era has begun!

*  IceCube Collaboration, Science 342 (2013) 6161, PRL 113 (2014) 101101, PRD 91 (2015) 2, 022001. 
    F. Halzen @ INvISIBLES 2015. See also: IceCube Collaboration, arXiv: 1507.03991, arXiv: 1507.04005.

★ 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 2015



Where are these neutrinos coming from?



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

* Anchordoqui et al., JHEAp 1-2 (2014) 1.

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



Diffuse background ingredients 

time
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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.
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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.

3

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

E2
!!!(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)

– 4 –

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



* 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



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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Diffuse neutrino intensity 



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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Gamma-ray bursts



* Allison et al., arXiv: 1507.00100. IceCube Collaboration, ApJ 805 (2015) 1, L5. ANTARES Collaboration, A&A 559 (2013) A9.

Neutrinos from gamma-ray bursts

Dedicated stacking searches on GRBs unsuccessful up to now.

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

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

E2� = E2F ⇥ 1
4⇡

N0
GRB

NGRB
year�1 (6)

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

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

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

7. Conclusions

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

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

Existing detectors are achieving relevant sensitivity.



                        ,            ,              .      

Diffuse emission from gamma-ray bursts

* Meszaros, Rept. Prog. Phys. 69 (2006) 2259.  Credits for images: ESA, Hubble, NASA web-sites. 

Short-duration bursts (t < 2s)  
tv = 0.01s� = 650L̃

iso

= 1051erg/s

High-luminosity GRBs  
L̃
iso

= 1052erg/s � = 500

Long-duration bursts (t > 2s) 

tv = 0.1s

                            ,              ,                 .

Low-luminosity GRBs 
L̃
iso

= 1048erg/s                        ,          ,               .tv = 100s� = 5



Diffuse emission from gamma-ray bursts

* Tamborra & Ando, arXiv: 1504.00107. 
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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

– 16 –

c

4⇡H0�

Recent work based on BATSE, 
Fermi and Swift data. 

Analytical modelling of the prompt 
emission from fireballs, involving 
pion and kaon decays. 



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.

Diffuse emission from gamma-ray bursts

* Tamborra & Ando, arXiv: 1504.00107. 
See also: Liu&Wang (2013), Murase&Ioka (2013), Razzaque & Yang (2015), Baerwald, Bustamante, Winter (2015).  
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Blazars 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

* Padovani, Petropoulou, Giommi, Resconi, arXiv:1506.09135.

Besides GRBs, blazars could also contribute to the neutrino background for E>0.5 PeV. 



Conclusions

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

★ Diffuse neutrino flux from starburst-like galaxies is one natural possibility for E < 0.5 PeV.

★ Spectral index matching simultaneously Fermi and IceCube data ~                  . 

★ 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. 

�SB ' 2.15
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