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Neutrino Arrival Directions
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HESE 4yr with Edep > 100 TeV (green) / Classical nµ + n̄µ 6yr with Eµ > 200 TeV (red)
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*

* event appears in both samples

• 16 “cascade events” (circles) and 3 “tracks events” (diamonds) with Edep & 100 TeV

• 28(+1) up-going muon neutrino events with Eµ & 200 TeV [IceCube’15]

8 no significant spatial or temporal correlation of events
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Multi-messenger Paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

Ü pion production in CR interactions with
gas (“pp”) or radiation (“pγ”); neutrinos
with about 5% of CR nucleon energy

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV γ-rays

Ü very interesting energy range:

• Glashow resonance?

• galactic or extragalactic?

• isotropic or point-sources?

CR

ν

γ
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The Cosmic “Beam”
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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[Particle Data Group’13]
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Proposed Source Candidates I

• Galactic: (full or partial contribution)

• diffuse Galactic γ-ray emission [MA & Murase’13; Joshi J C, Winter W and Gupta’13]

[Kachelriess and Ostapchenko’14; Neronov, Semikoz & Tchernin’13]

[Neronov & Semikoz’14,’16; Guo, Hu & Tian’14; Gaggero, Grasso, Marinelli, Urbano & Valli’15]

• unidentified Galactic γ-ray emission [Fox, Kashiyama & Meszaros’13]

[Gonzalez-Garcia, Halzen & Niro’14]

• Fermi Bubbles [MA & Murase’13; Razzaque’13]

[Lunardini, Razzaque, Theodoseau & Yang’13; Lunardini, Razzaque & Yang’15]

• supernova remnants [Mandelartz & Tjus’14]

• pulsars [Padovani & Resconi’14]

• microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vlcek’14]

• Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fujita, Kimura & Murase’15,’16]

• Galactic Halo [Taylor, Gabici & Aharonian’14; Kalashev & Troitsky’16]

• heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida’13]

[Esmaili & Serpico ’13; Bai, Lu & Salvado’13; Cherry, Friedland & Shoemaker’14]

[Murase, Laha, Ando, MA’15; Boucenna et al.’15 ; Chianese, Miele, Morisi & Vitagliano’16]
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Galactic Emission Models: Two Examples

Hard Galactic Diffuse Emission
4

FIG. 3: Comparison of Fermi/LAT and IceCube spectra of
sources in the direction of the inner Galaxy. Magenta data
points show the overall γ-ray spectrum of a −30◦ < l < 30◦,
−4◦ < b < 4◦ part of the Galactic Plane. Red data points
show the estimates of IceCube neutrino flux above 100 TeV.
Black thick solid line shows a broken power law model for
the γ-ray spectrum with soft (thin,dotted) and hard (thin
dashed) components. Grey band shows the uncertainty of
the spectrum of the hard component.

FIG. 4: Same as in Fig. 3, but for the region −90◦ < l <
−30◦.

neutrinos. To find the effective area corresponding to the
range of declinations of interest we use the declination de-
pendence of the count rate from an isotropic source [2]
and find that the effective area of the detector is almost
declination-independent in the Southern hemisphere for
the event selection chosen for the analysis. This effective
area is by a factor 1.3 higher than the 4π-averaged af-
fective area reported in [2]. This information is sufficient
for the estimate of the flux in the 100 TeV-3 PeV energy
band shown in Fig. 3.

From Fig. 3 one could see that the IceCube flux es-
timate lies right at the power law extrapolation of the
γ-ray spectrum of the Galactic Ridge to the 100 TeV
energy range. At the same time, the estimate of the neu-
trino flux is inconsistent with the extrapolations of the
spectra of individual sources contributing to the Galactic
Ridge. This suggests a model in which the hard compo-
nent of the γ-ray flux from the entire Galactic Ridge and
the neutrino flux from the inner Galaxy direction are pro-
duced via one and the same mechanism: interactions of
cosmic rays with the interstellar medium.

The relation between the γ-ray and neutrino signal
from cosmic ray interactions in the interstellar medium
should hold not only in the Galactic Ridge region, but
everywhere along the Galactic Plane. This means that
the extrapolation of the γ-ray signal from the sub-TeV
toward higher energies should provide a good estimate
for the 100 TeV neutrino signal all along the Galactic
Plane [4]. To verify the self-consistency of the model in
which the observed E > 100 TeV neutrinos at low Galac-
tic latitudes are coming from the cosmic ray interactions,
we also extract the γ-ray spectrum and estimate the neu-
trino flux from the region −90◦ < l < −30◦, see Fig. 4.
This region is entirely contained in the Southern hemi-
sphere, so that our estimate of the IceCube exposure is
also applicable for this region. From Fig. 4 one could see
that the detection of one E > 100 TeV neutrino from the
direction toward this part of the Galactic Plane is con-
sistent with the expectations based on the extrapolation
of the γ-ray spectrum.

Counting the numbers of photons with energies above
100 GeV coming from the inner and outer Galaxy, we find
that the γ-ray flux from the outer part of the Galactic
Disk (90◦ < l < 270◦) is approximately three times lower
than the flux from the inner Galactic Disk [3]. If both
γ-rays and neutrinos coming from the direction of the
Galactic Plane are produced by cosmic ray interactions,
the ratio of neutrino flux from the outer Galactic Plane
to that from the inner Galactic plane is also expected to
be approximately 1 ÷ 3. This is what is observed in the
IceCube data (see Fig. 1). There are four neutrinos with
energies above 100 TeV from the inner Galactic Disk and
one from the outer Galactic Disk. This demonstrates the
self-consistency of the hypothesis that low Galactic lati-
tude astronomical neutrinos with energies above 100 TeV
detected by IceCube could be a part of diffuse emission
from the Galaxy.

Modelling of diffuse γ-ray emission from the inner
Galaxy [3] suggests that a significant part of E >
100 GeV flux could be due to inverse Compton emission
from electrons. In this case, the flux of pion decay contri-
bution to the γ-ray flux measured by Fermi is lower than
the total flux of the Galactic Ridge region shown in Fig.
3. The spectrum of the pion decay component is softer in
the E ∼ 100 GeV band, so that the estimate of the neu-
trino flux in the E > 100 TeV band is inconsistent with
the high-energy extrapolation of the pion decay compo-
nent of the γ-ray spectrum. Our analysis suggests that

[Neronov, Semikoz & Tchernin’14]

PeV Dark Matter Decay (e.g. DM→ νν̄/qq̄)

75 for decaying VHDMwe checked that our basic conclusions
76 are not altered for more cored profiles. Predictions for the
77 diffuse γ-ray intensity and single source fluxes should be
78 very similar, since their normalization is fixed by the
79 diffuse neutrino intensity. The VHDM lifetime τdm ¼
80 τdm;27.510

27.5 s is a model parameter to be constrained,
81 and Rν ≡RνðEνÞ is the energy-dependent function con-
82 verting the bolometric flux to the differential flux at Eν,
83 which depends on final states (e.g., Ref. [56]). Assuming
84 that all decay products are Standard Model particles, for
85 demonstration, we consider several models proposed by
86 Refs. [36,39,41]. Following Refs. [57,58], with electro-
87 weak corrections, the final state spectra obtained from
88 10 TeV to 100 TeV masses are extrapolated to PeV masses.
89 Our choice of VHDMmodels is such that they include both
90 hard and soft spectra, so our results can be viewed as
91 reasonably model independent [25,29].
92 In Figs. 1 and 2, we show examples of the viable VHDM
93 scenario for diffuse PeV neutrinos observed in IceCube.
94 Using the ES13 model [36], where the VHDMmassmdm ¼
95 3.2 PeV is used, we consider DM → νeν̄e and DM → qq̄
96 with 12% and 88% branching fractions, respectively.
97 Although a bit larger masses are favored to explain the
98 2 PeV event, one can easily choose parameters accounting
99 for the observed data. In the RKP14 model [41], the

100 Majorana mass term is introduced in the Lagrangian, which
101 may lead to metastable VHDMdecaying into a neutrino and
102 Higgs boson. Reference [39] suggested another interesting
103 scenario, where the lightest right-handed neutrinos consti-
104 tute dark matter with mdm ¼ Oð1Þ PeV. We also consider

105this model for mdm ¼ 2.4 PeV, assuming branching frac-
106tionsDM → l$W∓∶DM → νZ∶DM → νh ≈ 2∶1∶1, where
107the neutrino spectral shape turns out to be similar to that of
108Ref. [41] (see Fig. 3). As in the latter two models, spectra
109may be more prominently peaked at some energy, and
110VHDM does not have to explain all the data.
111γ-ray limits.—Standard Model final states from decaying
112or annihilating VHDM lead to γ rays as well as neutrinos. If
113final states involve quarks, gluons, and Higgs bosons,
114neutrinos largely come from mesons formed via hadroni-
115zation, and γ rays are produced. A spectral bump is
116produced by two-body final states such as νh and/or weak
117bosons via leptonic decay into a neutrino and charged
118lepton. Electroweak bremsstrahlung is relevant even for
119possible decay into neutrino pairs. In extragalactic cases,
120the fact that the diffuse neutrino and γ-ray intensities are
121comparable gives us generic limits [9,50,51]. In Galactic
122cases, γ rays below ∼0.3 PeV can reach the Earth without
123significant attenuation, air-shower arrays such as
124KASCADE [59] and CASA-MIA [60] as well as Fermi
125[61] provide us with interesting constraints [19,62].
126We numerically calculate the diffuse γ-ray background,
127including both extragalactic and Galactic components.
128Thanks to the electron-positron pair creation, sufficiently
129high-energy γ rays are attenuated by the extragalactic
130background light and cosmic microwave background.
131Then, the pairs regenerate γ rays via the inverse-
132Compton and synchrotron emission. For an extragalactic
133component, we calculate electromagnetic cascades by
134solving Boltzmann equations. The resulting spectrum is
135known to be near-universal, following a Comptonized E−2

136power law in the 0.03–100 GeV range [53]. For a Galactic
137component, it is straightforward to calculate primary γ rays
138that directly come from VHDM. The γ-ray attenuation is
139approximately included by assuming the typical distance of
140Rsc, which gives reasonable results [19]. Extragalactic
141cascaded γ rays (including attenuated and cascade

F1:1 FIG. 1 (color online). Diffuse all-flavor neutrino and γ-ray
F1:2 intensities expected in the VHDM scenario. The ES13 model is
F1:3 assumed with τdm ¼ 3.0 × 1027 s. The total (thick dashed line)
F1:4 and extragalactic (thin dashed line) contributions to the cumu-
F1:5 lative neutrino background are shown with the observed data. The
F1:6 expected γ-ray background is also shown (thick solid) with the
F1:7 latest Fermi data. We also show contributions of extragalactic
F1:8 cascaded γ rays and direct γ rays from Galactic VHDM, which
F1:9 are not affected by uncertainty of Galactic magnetic fields.

F1:10 KASCADE and CASA-MIA γ-ray limits are indicated.
F2:1FIG. 2 (color online). The same as Fig. 1, but for the RKP14
F2:2model with τdm ¼ 3.5 × 1027 s.
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2

[e.g. Murase, Laha, Ando & MA’15]

• anisotropy limits on Galactic emission [MA & Bai, Barger & Yang’15]

• limits on Galactic contribution from PeV γ-ray observation [Gupta’14; MA & Murase’14]
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Example: Galactic Diffuse Emission
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HESE 3yr with Edep > 60 TeV, ntot = 20, f̂iso = 0.81, λ = 0.74

• Strong Galactic diffuse emission up to PeV? [Neronov & Semikoz’15’16]

• tracks (�) and cascades (◦) from HESE 3yr with Edep > 60 TeV; circles indicate angular uncertainty
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Example: Galactic Diffuse Emission

Galactic
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• Galactic diffuse emission template derived with GALPROP [Strong & Moskalenko’98]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission
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1

2

3
4

5

6

7

8

9

10

11

12

13

14

15

16

17
18

19

20
21

22

23

2425

26

27
28

29

30

31

sample with fiso = 1.00, ntot = 31, f̂iso = 0.82, λ = 1.11

• Galactic diffuse emission template derived with GALPROP [Strong & Moskalenko’98]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Other Extended Galactic Emission

Galactic
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Galactic Limits

• maximum likelihood-ratio test for
Galactic emission (signal)

• IceCube 3yr HESE limits
(Edep > 60 TeV & 90% C.L.):

• Fermi Bubbles: < 25%
• unidentified TeV γ-ray sources:

< 25%
• Galactic diffuse emission: < 50%
• cumulative distribution of Galactic

sources: < 65%
• PeV DM decay: unconstrained

• stronger limits possible:

• spectral and flavor analysis
• classical νµ + ν̄µ search
• PeV γ-ray emission

Ü ongoing IceCube analysis
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MC input for fGal = (1− fiso)
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DM decay

PWN
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Fermi Bubbles
UnID TeV

[MA, Bai, Barger & Lu’15]
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Proposed Source Candidates II
• Extragalactic:

• association with sources of UHE CRs [Kistler, Stanev & Yuksel’13]

[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14;Moharana & Razzaque’15]

• association with diffuse γ-ray background [Murase, MA & Lacki’13]

[Chang & Wang’14; Ando, Tamborra & Zandanel’15]

• active galactic nuclei (AGN) [Stecker’13;Kalashev, Kusenko & Essey’13]

[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev’14]

[Padovani & Resconi’14; Petropoulou et al.’15; Padovani et al.’16; Kadler et al.’16; Wang & Loeb’16]

• tidel disruption events [Wang & Liu’16; Dai & Fang’16; Senno, Murase & Meszaros’16]

• gamma-ray bursts (GRB) [Murase & Ioka’13; Dado & Dar’14; Tamborra & Ando’15]

[Senno, Murase & Meszaros’16]

• galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei’13; Yoast-Hull, Gallagher, Zweibel & Everett’13; Murase, MA & Lacki’13]

[Anchordoqui, Paul, da Silva, Torres& Vlcek’14; Tamborra, Ando & Murase’14; Chang & Wang’14]

[Liu, Wang, Inoue, Crocker & Aharonian’14; Senno, Meszaros, Murase, Baerwald & Rees’15]

[Chakraborty & Izaguirre’15; Emig, Lunardini & Windhorst’15; Bechtol et al.’15]

• galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

• . . .
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Extragalactic Emission Models: Two Examples

Starburst Galaxies (“pp” scenario)

3

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

E2
νΦν(Eν = 1GeV) ≈ c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe = Φνµ = Φντ = Φν/2.
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µ
); Baikal(νe)

Atmospheric→
← GZK

FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ ∝ E2−p

ν . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

[Loeb & Waxman’06]

Active Galactic Nuclei (“pγ” scenario)
11
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ∼ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ∼ 4 × 1044 ξcr erg Mpc−3 yr−1 and most of the CRs
come from blazars with L∗

X ! LX ! La when γ1 < 1.
The CR generation rate at 1019 eV is then written as
E′

pQE′
p
|1019 eV = (ξcrQr)/Rp|1019 eV, where Rp ∼ 20 and

Rp|1019 eV ∼ 840 for s = 2.3 (assuming εm
p ∼ 10 GeV

and εM
p ∼ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ∼ 1048.5 erg s−1 have the X-ray lu-
minosity of LX ∼ 1044.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be

E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 ξcr,2R−1

p,2.5(fz/8)

×
(

min[1, fpγ ]

0.05

)
Lrad,48.5

(
ρ

10−11.5 Mpc−3

)
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ξcr ∼ 10–100, it is
possible to have E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two difficulties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cutoff
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet sufficient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s " 2.5, or maximum energies of
E′max

p ! 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Mannheim’96; Halzen & Zas’97]

[e.g. Murase, Inoue & Dermer’14]

• CR-gas (pp) interactions: mostly broken power-law neutrino spectra.

• CR-photon (pγ) interactions: strong spectral features inherited from photon spectrum
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Diffuse vs. Point-Source
• (quasi-)diffuse flux fixes luminosity L:

Fdiff =
1

4π

∫
dz

dVC

dz
H(z)

L
4πd2

L(z)
' O(1)

1
4π
H(0)

H0
L

• point-source flux:

FPS =
L

4πd2
L(z)

• local density H(0) of extra-galactic sources is:

• ∼ 10−3 Mpc−3 for star-forming galaxies

• ∼ 10−4 Mpc−3 for starburst galaxies

• & 10−5 Mpc−3 for UHE CR sources

• ∼ 10−6 − 10−5 Mpc−3 for radio galaxies

• ∼ 10−8 − 10−7 Mpc−3 for BL Lacs

• ∼ 10−9 Mpc−3 for flat-spectrum radio quasars
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Identification of Extragalactic Point-Sources?

unit 
volume

Hubble horizon

• expect one source per unit volume:

4πfsky

3
d3H(0) = 1

A total number of “unit shells” contributing
as much as the closest source

nshell ' (nsource)
1
3

Ü e.g., required number of events to see
a doublet from radio galaxies

N̄ = 2× (nsource)
1
3 ' 100− 300

B brightest source at distance

d '
(

3
4πfskyH(0)

) 1
3

Ü compare to point-source sensitivity
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Neutrino Point-Source Limits

• Diffuse neutrino flux normalizes the
contribution of individual sources

• dependence on local source density H
(rate Ḣ) and redshift evolution ξz

Ü PS observation requires rare sources

• non-observation of individual neutrino
sources exclude source classes, e.g.

8 flat-spectrum radio quasars
(H ' 10−9Mpc−3)

8 “normal” GRBs
(Ḣ ' 10−9Mpc−3yr−1)

Ü stronger limits via source “stacking”

10−7 10−6 10−5 10−4

H [Mpc−3]

10−14

10−13

10−12

E
2 J(

E
)

[T
eV

cm
−2

s−
1 ]

closest continuous source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., 5 yrs, Northern Hemisphere)

10−9 10−8 10−7 10−6

Ḣ [Mpc−3 yr−1]

0.01

0.1

1

E
2 F

(E
)

[G
eV

cm
−2

]

closest transient source in FoV

Tlive = 5 yrs, ξz = 2.4, fsky = 0.5

IceCube (90% C.L., Northern Hemisphere)

[MA&Halzen’14]
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Hadronic Gamma-Ray Emission

• hadronic γ-rays:
pion production in CR interactions

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ

Ü cross-correlation of γ-ray and
neutrino sources

8 electromagnetic cascades of
super-TeV γ-rays in CMB

4 Isotropic Diffuse Gamma-Ray
Background (IGRB) constraints the
energy density of hadronic γ-rays &
neutrinos

hadronic 
gamma rays

⌫
�

electromagnetic
cascades

�
�

e� e+

E � TeVE ⌧ TeV
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Gamma-Ray Opacity

• production and decay of neutral
pions into gamma rays

8 strong pair production (PP) in CMB:
γ + γCMB → e+ + e−

Ü PeV gamma-ray only observable
locally (. 10kpc)

4 recyling of gamma-rays via inverse
Compton scattering (ICS):
e± + γCMB → e± + γ

• rapid cascade interactions produce
universal GeV-TeV emission

[Berezinsky&Smirnov’75]

E/bsyn (pG)
Γ−1

ICS (CMB)
Γ−1

PP (IR/opt.)
Γ−1

PP (CMB)

E [GeV]

in
te

ra
ct

io
n

le
n
gt

h
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p
c]

1013101210111010109108107106105104103102

105
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10

1

0.1

10−2
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10−4

pair production

inverse-Compton

CMB EBL

Galactic Center

Cen A

[MA’11]

Markus Ahlers (UW-Madison) Interpretation of Astrophysical Neutrinos December 8, 2016 slide 18



Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and γ-ray fluxes in pp
scenarios follow initial CR
spectrum ∝ E−Γ

Ü low energy tail of GeV-TeV
neutrino/γ-ray spectra

8 constrained by Fermi IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): Γ . 2.15− 2.2

8 Combined IceCube analysis:
Γ ' 2.4− 2.6

[IceCube’15]

10−2 0.1 1 10 102 103 104

E [TeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
eV

cm
−2

s−
1

sr
−1

]
pp scenario / Γ = 2.15 global fit range

hadronic γ-ray emission normalized to neutrino flux

ν (per flavor)

total γ

direct γ

cascade γ

IGRB (Fermi)

IceCube combined

[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]

[Ando, Tamborra & Zandanel’15]

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and γ-ray fluxes in pp
scenarios follow initial CR
spectrum ∝ E−Γ

Ü low energy tail of GeV-TeV
neutrino/γ-ray spectra

8 constrained by Fermi IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): Γ . 2.15− 2.2

8 Combined IceCube analysis:
Γ ' 2.4− 2.6

[IceCube’15]

10−2 0.1 1 10 102 103 104

E [TeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
eV

cm
−2

s−
1

sr
−1

]
pp scenario / Γ = 2.5 global fit range

hadronic γ-ray emission normalized to best-fit neutrino flux

ν (per flavor)

total γ

direct γ

cascade γ

IGRB (Fermi)

IceCube combined

[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]

[Ando, Tamborra & Zandanel’15]

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• neutrino and γ-ray fluxes in pp
scenarios follow initial CR
spectrum ∝ E−Γ

Ü low energy tail of GeV-TeV
neutrino/γ-ray spectra

8 constrained by Fermi IGRB
[Murase, MA & Lacki’13; Chang & Wang’14]

• extra-galactic emission
(cascaded in EBL): Γ . 2.15− 2.2

8 Combined IceCube analysis:
Γ ' 2.4− 2.6

[IceCube’15]

10−2 0.1 1 10 102 103 104

E [TeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
eV

cm
−2

s−
1

sr
−1

]
global fit range

hadronic γ-ray emission normalized to best-fit neutrino flux

ν (per flavor)

total γ

direct γ

cascade γ

IGRB (Fermi)

IceCube combined

[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]

[Ando, Tamborra & Zandanel’15]

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Non-Blazar Limits on Gamma-Ray Background

• Total γ-ray background above
50 TeV dominated by blazars
(∼ 86%) [Fermi’15]

8 strong tension with IceCube
observation

• limits apply to CR calorimeters,
e.g., starburst galaxies

Ü loop-holes:

• γ-absorption in source?
[Chang & Wang’14]

• dominance of high-redshift
sources? [Wang & Loeb’16]

• extra-galactic background light
estimates?

10−2 0.1 1 10 102 103 104

E [TeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
eV

cm
−2

s−
1

sr
−1

]
2FHL range global fit range

hadronic γ-ray emission normalized to best-fit non-blazar EGB

ν (per flavor)

total γ

direct γ

cascade γ

EGB (Fermi)

IceCube combined

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]

Markus Ahlers (UW-Madison) Interpretation of Astrophysical Neutrinos December 8, 2016 slide 22



Non-Blazar Limits on Gamma-Ray Background

• Total γ-ray background above
50 TeV dominated by blazars
(∼ 86%) [Fermi’15]

8 strong tension with IceCube
observation

• limits apply to CR calorimeters,
e.g., starburst galaxies

Ü loop-holes:

• γ-absorption in source?
[Chang & Wang’14]

• dominance of high-redshift
sources? [Wang & Loeb’16]

• extra-galactic background light
estimates?

2.0 2.2 2.4 2.6 2.8 3.0
spectral index Γ for Eν > 25 TeV

0.1

1

10

φ ν
(1

00
Te

V
)

[1
0−

18
G

eV
−1

cm
−2

s−
1

sr
−1

] broken power law

IGRB (0.01-1 TeV)

non-blazar EGB (0.05-1 TeV)

Fermi upper bounds on direct & cascade γ-ray flux

νµ + ν̄µ 2yr

MESE 2yr

HESE 3yr

global fit

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Fermi IGRB and pγ Scenarios?

• also strong constraints
from cascade emission of
pγ scenarios

• high pion production
efficiency implies strong
γγ absorption in sources

Ü Are strong neutrino
sources hidden in γ-rays?

[Murase, Guetta & MA’15]
10-10
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Fermi IGRB and pγ Scenarios?

• also strong constraints
from cascade emission of
pγ scenarios

• high pion production
efficiency implies strong
γγ absorption in sources

Ü Are strong neutrino
sources hidden in γ-rays?

[Murase, Guetta & MA’15]
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FIG. 2: Neutrino and CR bounds on the optical depth to
γγ → e+e− in the sources of diffuse TeV-PeV neutrinos. We
calculate τγγ and fpγ as functions of εγ and εp, respectively,
imposing fpγ ≥ 0.01. We consider simple power laws with
α = 2.5 and α = 2/3 for εb

ν = 6–25 TeV (shaded bands), and
the gray-body case with the temperature kT/Γ2 = 112 eV.

CR flux E2
crΦcr ≈ 4×10−5 GeV cm−2 s−1 sr−1 at 10 PeV

(e.g., Ref. [49]). Since the observed CR flux in this en-
ergy range is dominated by heavy nuclei from Galactic
sources such as supernova remnants, this constraint is
conservative. The recent KASCADE-Grande data [50]
suggest that a light CR component may become promi-
nent above the second knee energy at 100 PeV, which
can be interpreted as the onset of an extragalactic com-
ponent. Using their inferred extragalactic, light CR flux
E2

pΦp ≈ 2 × 10−6 GeV cm−2 s−1 sr−1 as an upper limit,
we obtain fpγ ! 0.1 at εp ! 10 PeV [102].

A similar conclusion is drawn by examining nonther-
mal luminosity densities of known objects. The CR lu-
minosity density of galaxies including starbursts is re-
stricted as εpQεp " 1045–1046 erg Mpc−3 yr−1 [51,
52]. The luminosity density of x rays (QX ≈ 2 ×
1046 erg Mpc−3 yr−1 [53]), which are thought to orig-
inate from thermal electrons in hot coronae, can be re-
garded as an upper limit of nonthermal outputs from
AGN. Adopting εpQεp " 2 × 1046 erg Mpc−3 yr−1 as a
reasonable assumption for CRs from galaxies or AGN, we
have fpγ ! 0.01, independently of the above argument.

Figure 2 shows comparisons of the effective pγ optical
depth required from the IceCube observation to the cor-
responding optical depth to γγ interactions in the Fermi
range, related by Eq. (8). Strictly speaking, Eqs. (8) and
(9) are valid for soft target spectra. To see the robustness
of our results, following Ref. [39], we perform numerical
calculations using the detailed cross sections of the two-
photon annihilation and photomeson production (includ-
ing nonresonant processes). We consider target photon
spectra leading to εb

ν = 6–25 TeV (indicated as bands in
Fig. 2), which can reproduce minimal pγ scenarios. Note
that adopting lower values of εb

ν or assuming γ-ray trans-

parency for models like those shown in the right panel of
Fig. 1 leads to inconsistency with the Fermi IGRB data.
The conclusion from Eq. (8) holds even for realistic tar-
get radiation fields, including synchrotron and gray-body
spectra.

The high pγ efficiency suggested by the IceCube data
and upper limits on CR luminosity densities suggest that
the direct 1–100 GeV γ-ray emission from the sources–
either leptonic or hadronic–is suppressed. Thus, tensions
with the IGRB, which are unavoidable for γ-ray transpar-
ent sources, are largely alleviated or even absent. How-
ever, TeV γ-ray counterparts could be seen by Cherenkov
telescopes and the High-Altitude Water Cherenkov Ob-
servatory. For power-law target photon spectra, which
extend to low energies, τγγ is larger than unity beyond
the Fermi band and as a result the TeV emission from
the sources should also be suppressed (see Fig. 2). For
gray-body-like spectra, one could expect point-source γ-
ray emission above TeV. The escaping hadronic γ rays
are cascaded in the CMB and EBL and could be visi-
ble as extended pair-halo emission in the sub-TeV range
(e.g., Refs. [25, 26]). In this special case, although direct
point-source emission at 1–100 GeV is still suppressed
and the tension with the IGRB remains, TeV counter-
part searches can be used as an additional test.

Summary and implications.— We considered im-
plications of the latest IceCube results in light of the
multimessenger data. Based on the diffuse ν-γ flux con-
nection and CR-γ optical depth connection, we showed
that the two-photon annihilation optical depth should be
large as a direct consequence of astrophysical scenarios
that explain the large flux observed in IceCube.

There are various implications. Cross correlation of
neutrinos with Fermi-LAT sources is predicted to be
weak. Rather, in pγ scenarios, since target photons are
expected in the x-ray or MeV γ-ray range, searches for
such counterparts are encouraged. Candidate sources of
hidden CR accelerators include choked GRB jets [21] and
supermassive black hole cores [23, 24, 54] (see also the
Supplementary Material [103], which includes Refs. [55–
89]), so correlations with energetic supernovae including
low-power GRBs, flares from supermassive black holes,
radio-quiet or low-luminosity AGN, and a subclass of
flat spectrum radio quasars can be used to test the mod-
els. For broadband nonthermal target photon spectra, γ
rays are suppressed at TeV-PeV as well as 1–100 GeV
energies. However, if the target photons follow a nar-
row thermal spectrum or are monochromatic in x rays,
hadronic γ rays might be seen in the TeV range for nearby
neutrino sources. Although the obvious multimessenger
relation between neutrinos and γ rays no longer exists,
our findings suggest that cosmic neutrinos play a special
role in the study of dense source environments that are
not probed by γ rays. Larger detectors such as IceCube-
Gen2 [90] sensitive to 10–100 TeV neutrinos would be
important for the identification of the sources via auto-
correlation of neutrino events [91, 92].
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UHE CR association?

• UHE CR proton emission rate density: [MA & Halzen’12]

E2
pQp(Ep) ' (1− 2)× 1044 erg Mpc−3 yr−1

• corresponding per flavor neutrino flux (ξz ' 0.5− 2.4 and Kπ ' 1− 2):

E2
νφν(Eν) ' fπ

ξzKπ
1 + Kπ

(2− 4)× 10−8 GeV cm−2 s−1 sr

• Waxman-Bahcall bound: fπ ≤ 1 [Waxman & Bahcall’98]

• fπ ' 1 requires efficient pion production

8 how to reach Emax ' 1020 eV in environments of high energy loss?

Ü two-zone models: acceleration + CR “calorimeter”?

• starburst galaxies [Loeb & Waxman’06]
• galaxy clusters [Berezinsky, Blasi & Ptuskin’96; Beacom & Murase’13]
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Correlation with UHE CRs?
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• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data
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Identification of Extragalactic Point-Sources?

GZK volume

Hubble horizon

• Do astrophysical neutrinos correlate
with sources of UHE CRs?

• UHE CRs trace sources within

λGZK ' 200 Mpc

• neutrinos visible up to Hubble horizon

λHubble ' 4.4 Gpc

Ü maximal overlap:

λGZK/λHubble ∼ 5%

• HESE 4yr : ca. 30 signal events

Ü 1− 2 neutrinos expected to correlate

8 magnetic deflections, angular
resolution, incompleteness,. . .
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Summary & Outlook

• Identification of PeV neutrino sources is challenging.

• Galactic neutrino emission unlikely the main source of the PeV diffuse flux.

Ü Pending IceCube analyses & and new data soon!

• Absence of anisotropies favor extragalactic scenarios!

Ü Is the weak tension of best–fit spectral indices indicating spectral features?

• Rare sources excluded by the non–observation of point sources.

• Soft neutrino spectra challenged by diffuse γ-ray background.

Ü Multi-messenger correlations are the most promising scenario for point-source
detection, in particular for transient sources.
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Blazar Correlations?

Appendix



AGN jets

• neutrino from pγ interactions in AGN jets [Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
γ rays. A significant fraction of the diffuse γ-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of γ-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the γ-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the diffuse γ-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ∼ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the diffuse neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that pγ in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has difficulty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s−1 Mpc−1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by ΩΛ = 0.7 and Ωm = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in different regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for pγ
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is ! 1016 cm and the Thomson-scattering optical depth
is ! 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ∼ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ∼ 4 × 1044 ξcr erg Mpc−3 yr−1 and most of the CRs
come from blazars with L∗

X ! LX ! La when γ1 < 1.
The CR generation rate at 1019 eV is then written as
E′

pQE′
p
|1019 eV = (ξcrQr)/Rp|1019 eV, where Rp ∼ 20 and

Rp|1019 eV ∼ 840 for s = 2.3 (assuming εm
p ∼ 10 GeV

and εM
p ∼ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ∼ 1048.5 erg s−1 have the X-ray lu-
minosity of LX ∼ 1044.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be

E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 ξcr,2R−1

p,2.5(fz/8)

×
(

min[1, fpγ ]

0.05

)
Lrad,48.5

(
ρ

10−11.5 Mpc−3

)
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ξcr ∼ 10–100, it is
possible to have E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two difficulties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cutoff
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet sufficient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s " 2.5, or maximum energies of
E′max

p ! 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer’14]
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Extra-galactic background light (EBL)
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Figure 13. The solid-black line is the extragalactic background light calculated by the fiducial extrapolation of the galaxy SED-type

fractions for z > 1. Empty symbols are direct measurements: 0.3, 0.555, 0.814 µm by Bernstein (2007); 1.43, 1.53, 1.63, 1.73, 1.83, 1.93,
2.03, 2.14, 2.24, 2.34, 2.44, 2.54, 2.88, 2.98, 3.07, 3.17, 3.28, 3.38, 3.48, 3.58, 3.68, 3.78, 3.88, 3.98 µm by Matsumoto et al. (2005) using

IRTS; 1.25, 2.2 µm (slightly shifted for clarity) by Cambrésy et al. (2001); 2.2, 2.5 µm by Gorjian, Wright & Chary (2000); 60, 100 µm

by Finkbeiner, Davis & Schlegel (2000) all these using DIRBE; 65, 90, 140 (slightly shifted for clarity), 160 µm by Matsuura et al. (2010)
using AKARI; 100, 140, 240 µm by Lagache et al. (2000); 140 (slightly shifted for clarity), 240 µm by Schlegel, Finkbeiner & Davis

(1998); 140, 240 µm by Hauser et al. (1998) all these using FIRAS. Filled symbols are galaxy-count data, usually considered lower limits:

0.1530, 0.2310 µm by Xu et al. (2005) using GALEX; 0.1595, 0.2365 µm by Gardner, Brown & Ferguson (2000) using HST and STIS;
0.36, 0.45, 0.67, 0.81, 1.1, 1.6 (slightly shifted for clarity), 2.2 µm (slightly shifted for clarity) by Madau & Pozzetti (2000) using HST

and ground-based telescopes; 1.25, 1.60, 2.12 µm by Keenan et al. (2010) using Subaru; 3.6 µm by Levenson & Wright (2008); 3.6, 4.5,
5.8, 8.0 µm by Fazio et al. (2004) with a reanalysis of the last point by Franceschini et al. 2008 all these using IRAC; 15 µm by Metcalfe

et al. (2003) using ISO; 15 µm by Hopwood et al. (2010) using AKARI; 24 µm by Papovich et al. (2004) and Chary et al. (2004); 24

(slightly shifted for clarity), 70, 160 µm by Béthermin et al. (2010) using MIPS; 71.4 µm by Frayer et al. (2006) using MIPS; 100, 160 µm
by Berta et al. (2010) using Herschel. The coloured-solid lines (Aharonian et al. 2006; Mazin & Raue 2007; Albert et al. 2008) are upper

limits from �-ray astronomy using di↵erent blazars (see Sec. 5 for details). The dot-dashed-blue line, and the dashed-red line are the

predictions from the models by Franceschini et al. (2008) and Gilmore et al. (2010), respectively. Uncertainties in the our EBL estimation
are shown with a shadow area. These EBL uncertainties include the uncertainties in Schechter parameters of the LF by Cirasuolo et

al. (2010), photometric errors in the galaxy catalogue, �2
red cuts applied and extrapolations of the galaxy SED-type fractions for z > 1

(see Sec. 4.1). The envelope of the shadow region within the dashed line at wavelengths above 24 µm shows the region where there is no
photometry in our galaxy catalogue. The EBL uncertainties are thoroughly discussed in Sec. 6.1.

The data from z = 3 � 1.5 are roughly reproduced. Our
results are in agreement within errors with the upper data
envelope from z = 1.5�0.7. We systematically predict a fac-
tor ⇠ 1.3 higher SFR than the observational data between
z = 0.7�0. For the high-starburst assumption a considerably
higher SFR density is estimated. This high-starburst case is

motivated by the increasing star formation rate density to
z ⇠ 2 in Fig. 12, and the increasing specific star formation
rate to z ⇠ 2 (Reddy et al. 2006; Daddi et al. 2007). But
Fig. 12 also indicates that our high-starburst is an extreme
assumption.

We want to call attention to the large uncertainties on

c� 2010 RAS, MNRAS 000, 1–25

[Dominguez et al. ’10]
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DM decay
• heavy (>PeV) DM decay?

[Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105; Bai, Lu & Salvado 1311.5864]

• initially motivated by PeV “line-feature”, but continuum spectrum with/without line
spectrum equally possible

Ü observable PeV γ-rays from the Milky Way halo?

5

Eq. (9) as well as to scramble in terms of the DM pro-
file when we calculate the TS distribution. We show the
results in Fig. 5 for di↵erent values of ↵̄, which clearly
show that the pure galactic DM explanation for the data
is not preferred for a wide range of ↵̄. For the 21 cas-
cade events and for a flatter DM profile with a larger ↵̄,
there is still a non-negligible Type-I error for rejecting
the pure galactic DM explanation. We have also checked
and found that the IceCube data can not exclude the
pure galactic DM explanation with an isothermal DM
profile, ⇢DM(r) = ⇢0/(1 + r2/r2

c ), with a core radius of
rc = 1 kpc [28].
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FIG. 5: The p-values as a function of ↵̄ of the Einasto DM
profiles. A suggestive p-value of 0.05 to exclude a certain DM
model is shown in the horizontal and black line. Here, we have
S=homogeneous and B=DM, to have the DM distribution as
the null hypothesis.

Neutrino spectra from dark matter decays The
energy spectrum of the IceCube neutrino excess has in-
teresting features [5]. First, there are two isolated events
at around 1 PeV [8] with one at 1.04 ± 0.16 PeV and the
other one at 1.14 ± 0.17 PeV. Secondly, there is an po-
tential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there is an
energy gap or no neutrino events observed in the energy
range of ⇠ (0.3, 1) PeV, which is not significant at this
moment. Although a wide range of the energy spectrum
can be fit by an E�2 feature [5], it is still interesting
to explore potential DM produced spectra from particle
physics.

To fit the observed spectrum at IceCube, one also
needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which are only slightly di↵erent from Ref. [17].
Because the uncertainties on the acceptance areas and
the large statistical errors, the current IceCube data is

not su�cient to distinguish spectra among di↵erent par-
ticle physics models. So, we consider several represen-
tative decaying DM models and study their fit to the
observed energy spectrum. We consider candidate mod-
els according to the operator dimensions of DM coupling
to SM particles.
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FIG. 6: The fitted spectra for several DM decay channels.
The black and solid line is the atmospheric backgrounds [6, 7].
For the two fermion DM cases, the DM mass is 2.2 PeV and
both lifetimes are ⌧� = 3.5 ⇥ 1029 s. For the two scalar DM
cases, the DM mass is 5 PeV and the lifetimes are 9.2⇥1028 s
and 4.6 ⇥ 1029 s, for 2h and ⌧� + ⌧+ channels, respectively.

At the renormalizable level and for a fermion DM �,
we consider the operator �H̃L̄L � for DM coupling to
the Higgs field in the SM or �HLL̄L� in the lepton-
specific two-Higgs doublet models, which has DM decays
as � ! h + ⌫ and � ! ⌫ + HL ! ⌫ + ⌧+ + ⌧�, re-
spectively. Fixing the fermion DM mass to 2.2 PeV, we
show the fitted spectra in Fig. 6 after using PYTHIA [29]
for SM particles decay and hadronization. We sum the
experimental error and systematical background error
in quadrature to calculate the total chi-square for the
goodness of fit. For the two fermion DM decay spec-
tra, a dip feature exists because of the combination of
mono-energetic and continuous neutrinos. For a scalar
DM, one can have the renormalizable coupling to the SM
Higgs boson as simple as µ XHH†, which simply medi-
ates the decay of X ! 2h. Beyond the renormalizable
level, one could have DM mainly couple to two leptons
via ✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�.
Fixing the scalar DM mass to be 5 PeV, we also show
the fitted spectra in Fig. 6 (see [14, 30] for other spectra
from DM decays).

Conclusions and discussion Our geometrical
analysis has already shown that a combination of the
galactic DM contribution and a homogenous spectrum,
which could be due to additional extragalactic sources,
provides the best fit to the data. A purely galactic DM
origin for the 28 events is not preferred unless a flatter

[Bai, Lu & Salvado’13]
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TeV Associations?

Galactic

1

2

3
4 5

6

7

8

9

10

11

12

13

14

15

1617

18

19

20

21

22

23

24
25

26

27
29

30

31

33

34

35

36

37

TeVCat g-ray sources

N
or

th
er

n 
H

em
isp

he
re

So
ut

he
rn

 H
em

isp
he

re

Galactic Plane
180o

-90o

-180o

LBL, IBL, LBL, FRI, FSRQ Globular Cluster, Star Forming Region, Massive Star Cluster

Binary PWN Shell, SNR/Molec.Cloud, Composite SNR Starburst Others [TeVCat’14]

Appendix



Ultra-High Energy Cosmic Rays

• particle confinement during
acceleration requires: [Hillas’84]

E . 1018 EeV (B/1µG) (R/1kpc)

8 low statistics:
large uncertainties in chemical
composition and spectrum!

8 “‘GZK” horizon (. 200 Mpc):
resonant interactions of CR nuclei with
CMB photons

[Greisen’66;Zatsepin & Kuzmin’66]

4 “guaranteed flux” of secondary γ-ray
and neutrino emission
[Berezinsky&Zatsepin’70;Berezinsky&Smirnov’75]

UHE cosmic ray

e±
⌫

�

interaction with
cosmic radiation

p
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Cosmogenic (“GZK”) Neutrinos

• Observation of UHE CRs and extragalactic radiation backgrounds “guarantee” a
flux of high-energy neutrinos, in particular via resonant production in CMB.

[Berezinsky & Zatsepin’69]

• “Guaranteed”, but with many model uncertainties and constraints:

• (low cross-over) proton models + CMB (+ EBL)
[Berezinsky & Zatsepin’69; Yoshida & Teshima’93; Protheroe & Johnson’96; Engel, Seckel &

Stanev’01; Fodor, Katz, Ringwald &Tu’03; Barger, Huber & Marfatia’06; Yuksel & Kistler’07; Takami,

Murase, Nagataki & Sato’09, MA, Anchordoqui & Sarkar’09, Heinz, Boncioli, Bustamante & Winter’15]

• + mixed compositions
[Hooper, Taylor & Sarkar’05; Ave, Busca, Olinto, Watson & Yamamoto’05; Allard, Ave, Busca, Malkan,

Olinto, Parizot, Stecker & Yamamoto’06; Anchordoqui, Goldberg, Hooper, Sarkar & Taylor’07; Kotera,

Allard & Olinto’10; Decerprit & Allard’11; MA & Halzen’12]

• + extragalactic γ-ray background limits
[Berezinsky & Smirnov’75; Mannheim, Protheroe & Rachen’01; Keshet, Waxman, & Loeb’03;

Berezinsky, Gazizov, Kachelriess & Ostapchenko’10; MA, Anchordoqui, Gonzalez–Garcia, Halzen &

Sarkar’10; MA & Salvado’11; Gelmini, Kalashev & Semikoz’12]
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Guaranteed Cosmogenic Neutrinos

Ü minimal GZK flux from proton
dominated models can be
estimated from observed
spectrum

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models feasible with
future observatories like ARA. 10−12
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Cosmogenic PeV Neutrinos?
6 G. Decerprit, D. Allard: Constraints on the origin of UHE Cosmic Rays using cosmogenic neutrinos and photons

Fig. 4. Cosmic ray (markers), neutrino (dashed lines) and pho-
ton (solid lines) spectra (E2 ⇥ dN/dE) for the dip model com-
pared to Auger spectrum (Abraham et al., 2010; open circles)
and the Fermi di↵use gamma-ray spectrum (Abdo et al., 2010;
black squares). The contribution of the pion mechanism to the
photon spectrum is shown (dashed lines). The chosen spectral
indices are � = 2.6 for the uniform case (no evolution), 2.5 for
SFR and 2.3 for FR-II. The results were computed assuming
the IR/Opt/UV background estimate from Stecker et al., 2006
(Top) and Kneiske et al., 2004 (Bottom). In the top panel the
Auger 90% C.L integrated upper limit (2 years) for tau neutri-
nos assuming a pure E�2 neutrino spectrum is also shown for
comparison (Abraham et al., 2011; the line represents the cen-
tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)
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pared to Auger spectrum (Abraham et al., 2010; open circles)
and the Fermi di↵use gamma-ray spectrum (Abdo et al., 2010;
black squares). The contribution of the pion mechanism to the
photon spectrum is shown (dashed lines). The chosen spectral
indices are � = 2.6 for the uniform case (no evolution), 2.5 for
SFR and 2.3 for FR-II. The results were computed assuming
the IR/Opt/UV background estimate from Stecker et al., 2006
(Top) and Kneiske et al., 2004 (Bottom). In the top panel the
Auger 90% C.L integrated upper limit (2 years) for tau neutri-
nos assuming a pure E�2 neutrino spectrum is also shown for
comparison (Abraham et al., 2011; the line represents the cen-
tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)

IC excess (x3) IC excess (x3)

[Decerpit & Allard ’11]

Ü neutrino flux depend on source evolution model (strongest for “FR-II”) and EBL
model (highest for “Stecker” model)

8 “Stecker” model disfavored by Fermi observations of GRBs

8 strong evolution disfavored by Fermi diffuse background
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Anisotropy Test

• unbinned maximum LH test statistic:

λ = 2 ln
∏

event j

[
µsig

j ( f̂iso) + µbgr
j ( f̂iso)

µbgr
j (1)

]

• f̂iso : fraction of isotropic events at
maximum LH

• 90% C.L. sensitivity :
fiso with 90% of samples λMC > λbgr

med

• 5σ C.L. discovery potential :
fiso with 50% of samples λMC > λbgr

5σ

• 90% C.L. upper limit :
fiso with 90% of samples λMC > λHESE
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Neutrino Point-Source Limits

• upper flux limits and
sensitivities of Galactic neutrino
sources with “classical” muon
neutrino search (θres ' 0.3◦-0.6◦)

• sensitivity for extended sources
weaker by

√
ΩES/ΩPSF ' θES/θres

• strongest limits for sources in the
Northern Hemisphere (IceCube
FoV for upgoing ν’s)

• time-dependent sensitivity:
[IceCube ApJ 744 (2012)]

E2Φνµ ' (0.1− 1)GeVcm−2

– 24 –

Fig. 11.— Muon neutrino upper limits with 90% C.L. evaluated for the 44 sources (dots), for the

combined four years of data (40, 59, 79, and 86 string detector configurations). The solid black line

is the flux required for 5� discovery of a point source emitting an E�2 flux at di↵erent declinations

while the dashed line is the median upper limit or sensitivity also for a 90% C.L. The ANTARES

sensitivities and upper limits are also shown (Adrián-Mart́ınez et al. 2014). For sources in the

southern hemisphere, ANTARES constrains neutrino fluxes at lower energies than this work.

[IceCube arXiv:1406.6757]
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Example: Star-Forming Galaxies
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• explicit case of star-forming galaxies following the scaling relation between γ-ray and IR luminosities
[Ackermann et al. ’12; Tamborra, Ando & Murase’14]

• only soft spectra (Γ ' 2.3) consistent with γ-ray background, but undershoot IceCube data
[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Example: Star-Forming Galaxies
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Tamborra, Ando & Murase (2014)

ΓSB = 2.0 , η = 0.16

2FHL range

hadronic γ-ray emission normalized to best-fit non-blazar EGB

ν (per flavor)

total γ

direct γ

cascade γ

EGB (Fermi)

IceCube combined

• explicit case of star-forming galaxies following the scaling relation between γ-ray and IR luminosities
[Ackermann et al. ’12; Tamborra, Ando & Murase’14]

• only soft spectra (Γ ' 2.3) consistent with γ-ray background, but undershoot IceCube data
[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Example: Star-Forming Galaxies
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Tamborra, Ando & Murase (2014)

ΓSB = 2.3 , η = 0.92

2FHL range

hadronic γ-ray emission normalized to best-fit non-blazar EGB

ν (per flavor)

total γ

direct γ

cascade γ

EGB (Fermi)

IceCube combined

• explicit case of star-forming galaxies following the scaling relation between γ-ray and IR luminosities
[Ackermann et al. ’12; Tamborra, Ando & Murase’14]

• only soft spectra (Γ ' 2.3) consistent with γ-ray background, but undershoot IceCube data
[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Example: Star-Forming Galaxies
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(0.05-1 TeV)

Fermi upper bounds on direct & cascade γ-ray flux

νµ + ν̄µ 2yr

MESE 2yr

HESE 3yr

combined fit

• explicit case of star-forming galaxies following the scaling relation between γ-ray and IR luminosities
[Ackermann et al. ’12; Tamborra, Ando & Murase’14]

• only soft spectra (Γ ' 2.3) consistent with γ-ray background, but undershoot IceCube data
[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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IceCube HESE (4yr)

• High-Energy Starting Event (HESE) sample: [IceCube Science 342 (2013)]

• bright events (Eth & 30TeV) starting inside IceCube
• efficient removal of atmospheric backgrounds by veto layer

• 54 events in about four years:
[IceCube ICRC’15]

• 39 cascades events
• 14 track events
• 1 composite event (removed)

• expected background events:

• 9.0+8.0
−2.2 atmospheric neutrinos

• 12.6± 5.1 atmospheric muons

• best-fit E−2-flux 60TeV-3PeV (6.5σ):

E2
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HESE unfolding: PoS(ICRC2015)1081

Figure 5. Best-fit neutrino spectra for the unbroken power-law
model. The line widths (blue, red) represent the one sigma error
on the measured spectrum where the green line represents the up-
per limit on the prompt model (Enberg et al. 2008). The horizon-
tal width of the red band denotes the energy range of neutrino en-
ergies which contribute 90% to the total likelihood ratio between
the best-fit and the conventional atmospheric-only hypothesis. The
black crosses show the unfolded spectrum published in Kopper et al.
(2015).

4.2. Astrophysical flux

The best-fit for the unbroken power-law model of the as-
trophysical flux results in

�⌫+⌫ =
�
0.90+0.30

�0.27

�
· (E⌫/100 TeV)�(2.13±0.13) (4)

in units of 10�18 GeV�1 cm�2 sr�1 s�1. The statistical sig-
nificance of this flux with respect to the atmospheric-only hy-
pothesis is 5.6 standard deviations. The fit results are shown
in Fig. 5 and summarized in Tab. 3. The quoted errors are
based on the profile likelihood using Wilks’ theorem (Wilks
1938) and include both statistical and systematic uncertain-
ties. No contribution from prompt atmospheric neutrinos is
preferred by the best-fit spectrum and an upper limit, based
on the profile likelihood is shown in Fig. 5. For more infor-
mation about the upper limit for prompt atmospheric neutri-
nos see Sec. 6.

Table 3. Best-fit parameter values for
the unbroken power-law model. �astro

is the normalization of the astrophysical
neutrino flux at 100 TeV and is given
in units of 10�18 GeV�1 s�1 sr�1 cm�2.
�prompt is given in units of the model in
Enberg et al. (2008). The normalizations
correspond to the sum of neutrinos and
antineutrinos.

Parameter Best-Fit 68% C.L.

�astro 0.90 0.62 � 1.20

�astro 2.13 2.00 � 2.26

�prompt 0.00 0.00 � 0.19

Figure 6. Two-dimensional profile likelihood scans of the astrophys-
ical parameter �astro, �astro and the prompt normalization �prompt

in units of the model in Enberg et al. (2008). The contours at 68%,
90% and 95% CL assuming Wilks’ theorem are shown.

• update of νµ + ν̄µ search (“IC tracks”) [PRL 115 (2015) 081102; arXiv:1607.08006]

Ü mild tension with cascade-dominated samples: indication of spectral features?
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Figure 13. Results of different IceCube analyses measuring the as-
trophysical flux parameters �astro and �astro. The contour lines
show the 90% CL. The result of this analysis (IC tracks, 6yr) is
shown by the red solid contour line. The contour obtained by the
previous measurement using through-going muons (Aartsen et al.
2015c) (IC tracks, 2yr) is the red dashed line. In addition, the results
for the most recent analysis of starting events (Kopper et al. 2015)
(IC HESE, 4yr), the complementary cascade channel (Lesiak-Bzdak
et al. 2015) (IC cascades) and an analysis combining different Ice-
Cube results (Aartsen et al. 2015a) (IC combined) are shown. The
result of this analysis (red, solid) and IC combined are incompatible
at 3.3� (two-sided significance).

events above 100 TeV are down-going and 93% of these are
cascade-like. For the investigation of the tension in the ob-
served energy spectrum of astrophysical neutrinos, the as-
sumption of statistical independence is reasonably well justi-
fied but will result in a lower limit on the tension.

The combined analysis finds the smallest confidence re-
gion of the three aforementioned results. The p-value for ob-
taining the combined fit result and the result reported here
from an unbroken powerlaw flux is 3.3�, and is therefore in
significant tension. For the discussion, it is important to high-
light the systematic differences between these measurements.
The threshold for the up-going muon signal is a few hundred
TeV while astrophysical starting events are detected above a
few times 10 TeV. It should be noted that for the overlap-
ping energy region > 200 TeV the measured fluxes for the
cascade dominated channels are in good agreement with the
results reported here, as shown in Fig. 5. As a conclusion,
we confirm for the Northern hemisphere a flux of muon neu-
trinos that is generally consistent with the observed all flavor
flux in the Southern hemisphere, but which is in tension with
the assumption of a single power law describing this and pre-
vious observations with a lower energy threshold at the same
time.

It is expected that for a galactic origin the neutrino flux
should be correlated with the galactic plane. It is gener-
ally assumed that the contribution from the galactic plane
and galactic sources is stronger in the Southern hemisphere,
which e.g. includes the galactic Center. The measured as-
trophysical flux is not strongly affected by a split in right
ascension (see Sec. 5.2), where one region includes the part
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Figure 14. Comparison of the measured diffuse astrophysical muon
neutrino flux (cf. Fig. 5) with theoretical neutrino flux predictions
corresponding to different source types (Kotera et al. 2010; Murase
et al. 2014; Bechtol et al. 2015; Senno et al. 2016). Since Murase
et al. (2014) predicts a lower and upper flux bound for neutrinos
originating from Blazars the central line between both bounds is
shown. The purple line shows the Waxman-Bahcall upper bound
(Waxman 2013).

of the galactic plane which is visible in the Northern sky and
the other does not. This can be interpreted as an indication
that the flux observed here is mostly of extra-galactic origin.

The observed tension may arise either from a spectral
break at lower energies for the same sources or from an addi-
tional flux component, e.g. expected from galactic sources or
the galactic plane, that is sub-dominant at the high energies
to which this analysis is sensitive.

Figure 14 compares the measured diffuse astrophysical
muon neutrino flux to theoretical flux predictions corre-
sponding to different source types. The measured flux is
within its uncertainties slightly below the Waxman-Bahcall
upper bound (Waxman 2013). Senno et al. (2016) predict
a diffuse neutrino flux originating from gamma-ray burst
which is currently not ruled out (Aartsen et al. 2015d, 2016b).
A flux of cosmogenic neutrinos as predicted by Kotera et al.
(2010) would only contribute subdominantly to the measured
astrophysical neutrino flux. Neutrino fluxes from blazars and
star-forming galaxies are predicted by e.g. Murase et al.
(2014) and Bechtol et al. (2015), respectively. Glüsenkamp
(2015) already constrains this blazar model. These fluxes
are of the same order of magnitude as the measured flux
within the given uncertainty band. However, due to the small
statistics at high energies we cannot differentiate if the mea-
sured astrophysical neutrino flux corresponds to a neutrino
flux originating from a specific source type or if it is a com-
bination of different source types.

5. ANALYSIS OF ARRIVAL DIRECTIONS AND
SEARCH FOR ANISOTROPIES

5.1. Arrival directions of highest energy events

The multi-PeV event discussed in Sec. 4.3 has a high prob-
ability of being astrophysical. Therefore, it is particularly

• update of νµ + ν̄µ search (“IC tracks”) [PRL 115 (2015) 081102; arXiv:1607.08006]

Ü mild tension with cascade-dominated samples: indication of spectral features?
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