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Neutrino Arrival Directions
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No significant correlation of neutrino events with Galactic structure.
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Neutrino Arrival Directions

Extragalactic neutrino sources are hiding in plain sight.
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Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6.5σ in 4yrs): [Science 342 (2013)]

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

• Up-going muon-neutrino tracks (5.6σ in 6yrs): [Astrophys.J. 833 (2016)]

• large effective volume due to ranging in tracks
• efficient removal of atmospheric muon backgrounds by Earth-absorption
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Fit of Power-Law Spectrum10 M. G. AARTSEN ET AL.
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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.

Mild tension with cascade-dominated samples:
Indication of spectral features? [PRL 115 (2015) 081102]
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Fit of Power-Law Spectrum14 M. G. AARTSEN ET AL.
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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

Mild tension with cascade-dominated samples:
Indication of spectral features? [PRL 115 (2015) 081102]
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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:

• Galactic or extragalactic CRs?
• Galactic PeV γ-rays?
• isotropic or point-sources?
• probe of ν̄e via Glashow resonance?
• or exotic origin, e.g. DM decay?

CR

ν

γ
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The Cosmic “Beam”

27. Cosmic rays 15
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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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Extragalactic Source Candidates
• 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]

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

[Senno, Murase & Meszaros’16]

• galaxies with intense star-formation (e.g. starbursts)
[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]

• tidal disruption events (TDE) [Wang, Liu, Dai & Cheng’11; Senno, Murase & Més’aros’17]

[Guépin, Kotera, Barausse, Fang & Murase’17; Biehl, Boncioli, Lunardini & Winter’17]
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A) Active Galactic Nuclei
• neutrino production from pγ interactions in AGN cores [Steckeret al.‘91]

• AGN diffuse emission normalized to X-ray background
• revised model predicts 5% of original estimate [Stecker’05;’13]

VOLUME 69, NUMBER 18 P H YS ICA L R EV I EW LETTERS 2 NOVEM BER 1992

ERRATA

High-Energy Neutrinos from Active Galactic Nuclei
[Phys. Rev. Lett. 66, 2697 (1991)I

F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers

Because of a misprint in the original luminosity function reference which we used [I],our curve given in Fig. 2 for the
neutrino background flux from all active galactic nuclei (AGN) is in error. We have recalculated our predicted neutri-
no background flux from AGN using the more recent AGN x-ray luminosity function and redshift dependence relations
found by the ROSAT satellite [2]. Our revised result is shown in the figure. It has a slightly different shape; however,
the main difference is that the flux values are -45 times lower than those given previously. Most of that change is due
to the misprint error; however, a small part comes from using the new relations given in Ref. [2]. Our flux estimates for
individual sources remain unchanged, as does our qualitative conclusion that AGN produce the dominant neutrino back-
ground flux at high energies. This flux should be observable with the DUMAND II detector. For further discussion, see
Ref. [3]. We thank R. Protheroe for pointing out the problem of the misprint in Ref. [I].
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FIG. 2. The integrated high-energy v„(v„) neutrino back-
ground from AGN. Also shown is the horizontal v„(v„) flux
from high-energy cosmic rays interacting with the Earth's at-
mosphere (Ref. 26).

ill K. Morisawa and F. Takahara, Pub. Astron. Soc. Jpu. 41, 873 (1989).
l2l R. Della Ceca and T. Maccacaro, in Proceedings of the Workshop on Space Distribution of Quasars, Victoria, Canada, June

1991 (to be published).
I31 Proceedings of the High Energy Neutrino Astrophysics Workshop, University of Hawaii, March 1992, edited by V. J. Stenger

et al. (to be published).

2738

IceCube excess

x100

[Stecker et al.’91]
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A) Active Galactic Nuclei

• neutrinos 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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2LAC-blazar contribution to TeV-PeV neutrinos 11

Type Model MRF

Generic blazars

(Mannheim 1995)
(A) 1.30

(B) < 0.1
(Halzen & Zas 1997) < 0.1

(Protheroe 1997) < 0.1

FSRQs

(Becker et al. 2005) 2.28

(Murase et al. 2014)

�SI = �2.0 (BLR) ⇠CR < 12
�SI = �2.0 (blazar) ⇠CR < 21
�SI = �2.3 (BLR) ⇠CR < 153
�SI = �2.3 (blazar) ⇠CR < 241

BL Lacs

(Mücke et al. 2003)
HSP (optimistic) 76.29
LSP (optimistic) 5.78

(Tavecchio et al. 2014)
HSP-dominated (1) 1.06

a HSP-dominated (2) 0.35
(Tavecchio & Ghisellini 2015) LSP-dominated 0.21

(Padovani et al. 2015) HSP (baseline) 0.75
a Predictions from Tavecchio et al. (2014); Tavecchio & Ghisellini (2015) enhanced

by a factor 3 in correspondence with the authors.

Table 5
Summary of constraints and model rejection factors for the di↵use neutrino flux predictions from blazar populations. The values include a
correction factor for unresolved sources (see appendix C) and systematic uncertainties. For models involving a range of flux predictions
we calculate the MRF with respect to the lower flux of the optimistic templates (Mücke et al. 2003) or constraints on baryon to photon

luminosity ratios ⇠CR (Murase et al. 2014).
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Figure 6. 90% C.L. upper limits on the (⌫µ + ⌫µ)-flux for models of the neutrino emission from (a) generic blazars (Mannheim 1995;
Halzen & Zas 1997; Protheroe 1997), (b) BL Lacs (Mücke et al. 2003; Tavecchio & Ghisellini 2015; Padovani et al. 2015) and (c)+(d) FSRQs
(Becker et al. 2005; Murase et al. 2014). The upper limits include a correction factor that takes into account the flux from unresolved
sources (see appendix C) and systematic uncertainties. The astrophysical di↵use neutrino flux measurement (Aartsen et al. 2015b) is shown
in green for comparison.

Blazar stacking limits derived from Fermi-LAT AGN catalogue (2LAC) [IceCube’16]
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The astrophysical sources of the extraterrestrial, very high-energy neutrinos detected by the IceCube collaboration remain
to be identified. Gamma-ray (�-ray) blazars have been predicted to yield a cumulative neutrino signal exceeding the
atmospheric background above energies of 100TeV, assuming that both the neutrinos and the �-ray photons are produced
by accelerated protons in relativistic jets. As the background spectrum falls steeply with increasing energy, the individual
events with the clearest signature of being of extraterrestrial origin are those at petaelectronvolt energies. Inside the large
positional-uncertainty fields of the first two petaelectronvolt neutrinos detected by IceCube, the integrated emission of
the blazar population has a su�ciently high electromagnetic flux to explain the detected IceCube events, but fluences of
individual objects are too low to make an unambiguous source association. Here, we report that a major outburst of the
blazar PKS B1424–418 occurred in temporal and positional coincidence with a third petaelectronvolt-energy neutrino event
(HESE-35) detected by IceCube. On the basis of an analysis of the full sample of �-ray blazars in the HESE-35 field, we
show that the long-term average �-ray emission of blazars as a class is in agreement with both the measured all-sky flux of
petaelectronvolt neutrinos and the spectral slope of the IceCube signal. The outburst of PKS B1424–418 provides an energy
output high enough to explain the observed petaelectronvolt event, suggestive of a direct physical association.

The neutrino excess detected by IceCube comprises 37 events
(from May 2010 to May 2013) with energies between 30 TeV
and 2 PeV, rejecting a purely atmospheric origin at a signifi-

cance of 5.7 standard deviations1–3. These events show a broad dis-
tribution across both hemispheres of the sky consistent with an ex-
tragalactic source population. Owing to the very steep background
of atmospheric neutrinos, events at petaelectronvolt energies are
best suited for attempting to establish associations with individual
blazars. In the first two years of observations, IceCube detected
two events with about 1 PeV of deposited energy1,2 (HESE-14 and
HESE-20; dubbed ‘Bert’ and ‘Ernie’). A third event at 2 PeV (HESE-
35; dubbed ‘BigBird’) was recorded in the third year of IceCube

data3 on 4 December 2012. The IceCube analysis concentrated on
very high-energy events with interaction signatures that were fully
contained within the detector (high-energy starting events; HESEs).
In combination with an equal-neutrino-flavour flux at Earth4, this
resulted in most of the detected events being cascade-like, with
relatively large median positional uncertainties (R50) of typically 10�

to 20� so that the field of interest (⌦R50
⌫ ) of a given HESE event

typically covers more than 300 square degrees. Although a number
of di�erent source classes have been discussed as a possible origin
of a di�use neutrino flux5–15, no individual astrophysical object has
been identified so far from which a neutrino flux with a substantial
Poisson probability for a detection by IceCube is expected.
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Table 3 |Ranked list of the 10 highest-fluence blazars during the three-year HESE period.

Name RA (�) Dec (�) F� (10�10 erg cm�2 s�1) Nmax
⌫,PeV Npred

⌫,PeV Npos
⌫,PeV

PKS B1830-211 +278.4 �21.1 (14.34±0.27) 8.3 0.21 1
PKS B1510–089 +228.2 �9.1 (13.31±0.13) 7.7 0.19 0
3C 454.3 +343.5 +16.2 (37.50±01.3) 7.6 0.19 0
PKS B1424–418 +217.0 �42.1 (7.82±0.16) 5.7 0.14 1
PKS B2326–502 +352.3 �49.9 (4.69±0.10) 2.7 0.07 0
PKS B0537–441 +84.7 �44.1 (3.84±0.08) 2.2 0.06 0
PKS B1222+216 +186.2 +21.4 (7.94±0.12) 1.6 0.04 0
CTA 102 +338.2 +11.7 (6.42±0.12) 1.3 0.03 0
B2 1633+38 +248.8 +38.1 (6.28±0.09) 1.3 0.03 0
B2 1520+31 +230.5 +31.7 (4.75±0.25) 1.3 0.02 0
Note that the IceCube e�ective area is substantially smaller for Northern Hemisphere petaelectronvolt sources than for the southern sky. Column 1, source name; columns 2 and 3, J2000 coordinates;
column 4, integrated �-ray flux between 5 keV and 10 GeV; columns 5 and 6, maximal-possible and predicted number of neutrino detections; column 7, number of petaelectronvolt events that might be
associated with each source based on a positional coincidence.

sources within ⌦R50
⌫ for a high-confidence event. When asking

for the maximal number of IceCube events that might be
associated with a given astrophysical source, a larger radius has to
be considered. For example, within 2 ⇥ R50, PKS B1424–418
is in positional agreement with the sub-petaelectronvolt
events HESE-16 (30.6+3.6

�3.5 TeV at an o�set of 1.5R50) and
HESE-25 (33.5+4.9

�5.0 TeV, 1.4R50) so that the data are not in
disagreement with a rather broad and steep neutrino spectrum. A
point-source search with ANTARES, following the strategy applied
to the candidate blazars in the HESE-14 and HESE-20 fields22, will
be able to constrain the possible neutrino spectra. A preliminary
analysis of the ANTARES collaboration37 finds no excess signal at
the position of PKS B1424–418, excluding the possibility of a very
steep neutrino spectrum associated with the blazar outburst.

We have used the Fermi/LAT monitored source list light curves
(http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc) to identify
candidate sources for high kiloelectronvolt-to-gigaelectronvolt
fluence, compiled the average SEDs over the three-year HESE
period for the top-ten candidate sources from the whole sky and
derived their expected neutrino counts (see Table 3). For Northern
and Southern Hemisphere events, we have used the e�ective areas
for the appropriate minimum energy provided by the IceCube
team2. We do not extend the list beyond rank 10, because for
the tenth-ranked source, the maximal-possible neutrino output
has already dropped by more than an order of magnitude to
O(1). Only three other sources reach a predicted neutrino output
comparable to PKS B1424–418. The two FSRQs PKS B1510–089
and 3C 454.3 both have a maximal petaelectronvolt-neutrino
output of the order of 8 in 988 days but do not coincide with
any of the three observed petaelectronvolt events. Applying the
source scaling factor of 0.025 for the �-ray FSRQs, the Poisson
probability for detecting zero petaelectronvolt events from a source
of this fluence is ⇠80%. On the other hand, the model predicts a
⇠50% probability to detect at least one neutrino from one of the
four top-ranked high-fluence blazars and the detection of more
than one petaelectronvolt event remains at a realistic probability
of about 16%. The occurrence of multiple events is expected if a
sparse population such as FSRQs produce a considerable fraction
of the total IceCube intensity15. In this context, it is intriguing that
also the gravitationally lensed blazar PKS B1830–211, which is the
highest-ranked source in the top-10 blazar-fluence list, is located
only marginally outside the ⌦

R50
HESE-14 field of the petaelectronvolt

event HESE-14, which was detected by IceCube on 9 August 2011,
coinciding with a high-fluence outburst phase of this blazar. In
addition, PKS B1830–211 is positionally coincident with the ⌦R50

⌫

fields of six additional sub-petaelectronvolt IceCube neutrino
events and with the region of the highest, albeit not significant,
point-source clustering test statistic of IceCube events3. The list of
coincidences includes the high-energy events HESE-2 (117+15

�15 TeV,

0.3R50) and HESE-22 (220+21
�24 TeV, 1.2R50). However, ANTARES has

measured an upper limit of 1.89⇥10�8 GeV cm�2 s�1 on the energy
flux of neutrinos from PKS B1830–211 (ref. 38), assuming an
E�2 neutrino spectrum. This value is very similar to the limit found
for PMN J1802–3940, based on which an association with three
or more IceCube neutrinos could be excluded at 90% confidence
for neutrino spectral indices steeper than �1.8. The positional
proximity of high-fluence blazars in our list to other IceCube
sub-petaelectronvolt events or even the temporal proximity to
high-fluence phases (see Supplementary Discussions) is likely to be
coincidental in most cases because the atmospheric contribution
increases and the IceCube e�ective area decreases rapidly below
100 TeV.

Constraining the neutrino velocity
Recently, a theoretical limit of (v � c)/c  (0.5 � 1.0) ⇥ 10�20

for superluminal neutrinos has been derived from constraints on
vacuum pair emission and neutrino splitting39. Assuming a physical
association between the outburst activity of PKS B1424–418 and the
HESE-35 petaelectronvolt neutrino, an observational constraint on
the neutrino velocity is implied: the maximal-possible time-travel
delay between the beginning of the outburst and the arrival of the
neutrino is ⇠160 days, constraining the relative velocity di�erence
to (v�c)/c.O(10�11) (for a light travel time of 9.12 billion years).
This is about two orders of magnitude more constraining than
the neutrino-velocity limit derived from SN1987A40. However, it
cannot be formally excluded that the observed petaelectronvolt
neutrino could be associated with the non-outburst phase or even
a historical (or future) outburst of the source.

Summary and outlook
Tentative associations of high-energy neutrinos with flaring blazars
have been suggested before41,42 but it remained questionablewhether
a high-enough neutrino flux could be produced in the candidate
flares43. Here, we have identified for the first time a single source
that has emitted a su�ciently high fluence during a major outburst
to explain an observed coinciding petaelectronvolt-neutrino event.
There is a remarkable coincidence with the IceCube-detected
petaelectronvolt-neutrino event HESE-35 with a probability of
only ⇠5% for a chance coincidence. Our model reproduces the
measured rate of petaelectronvolt events detected over the whole
sky by IceCube and accounts for the distribution of neutrino
events across the bandwidth expected for photohadronic neutrino
production. A substantial increase of the significance of putative
future coincidences between petaelectronvolt-neutrino events and
high-fluence blazars could be achieved considering track events at
smaller median angular errors or the observation of doublet events
associated with the same blazar. However, it has to be kept in mind
that only a small fraction of the total �-ray emission of all blazars
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B) Gamma-Ray Bursts
• Neutrino production at various stages of a gamma-ray burst (GRB).

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 81
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[Meszaros’01]
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B) Gamma-Ray Bursts

• strong limits on neutrino emission associated with “fireball” model [Abbasi et al.‘12]

Ü PeV neutrino flux exceeds GRB limit by one order of magnitude.
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Neutrino energy (GeV)
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Fireball Model Prediction
4Yr Tracks + 1Yr Cascades
90% CL Upper Limit
Photospheric Model Prediction
4Yr Tracks + 1Yr Cascades
90% CL Upper Limit
5Yr Tracks + 3Yr Cascades
Projected 90% CL Upper Limit

IceCube Preliminary
1.23 x model
0.69 x model
0.84 x model

[IceCube’16]
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B) Low-Luminosity Gamma-ray Bursts
• loophole: undetected low-luminosity γ-ray bursts (GRB)

[Murase & Ioka’13; Senno, Murase & Mészáros’16]

• claim: distinct population of LL-GRB more abundant in the local (z� 1) Universe
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Fig. 5.— Panel (a): The combined LFs of both LL- and HL- GRBs derived from a set of ordinary parameters (solid line)
and from two sets of parameters that are roughly regarded as the lower (dash-dotted line) and upper (dashed line) limits
of the LFs. Panel (b): The observed GRB event rates for both LL- and HL-GRBs as a function of “enclosing redshift”
zenc (i.e. the volume enclosed by this redshift) for the three parameter sets shown in panel (a). Same line styles for
different models are adopted in both panels.

[Liang, Zhang, Virgili & Dai’06]
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C) Starburst Galaxies
• intense CR interactions (and acceleration) in dense starburst galaxies
• cutoff/break feature (0.1− 1) PeV at the CR knee (of these galaxies), but very

uncertain
• plot shows muon neutrinos on production (3/2 of total)

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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WB Bound

Star Bursts

AMANDA(ν
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]
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C) TeV Starburst Galaxies
Messier 82 (δ ' 69◦)

E2φγ(E) ' 3.3× 10−13
(

E
TeV

)−0.5 TeV
cm2s

E2φν(E) . 1.09× 10−12 TeV
cm2s

[IceCube 7yr νµ + ν̄µ]

NGC 253 (δ ' −25◦)

E2φγ(E) ' 9.6× 10−13
(

E
TeV

)−0.14 TeV
cm2s

no neutrino limit

expected from pp interactions: E2
νφνµ(Eν) ' 1

2
E2
γφγ(Eγ)
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D) Tidal Disruption Events

• Stars torn apart by tidal forces in the vicinity of a supermassive black holes can
launch jet-like outflows.

Ü good candidate sources of UHE CRs [Farrar & Gruzinov’09; Farrar & Piran’14]

• associate neutrino production via pγ interactions:
[Wang, Liu, Dai & Cheng’11; Senno, Murase & Més’aros’17]

[Guépin, Kotera, Barausse, Fang & Murase’17; Biehl, Boncioli, Lunardini & Winter’17]
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FIG. 1: Cosmic ray and neutrino observables corresponding to a parameter space point describing both UHECR and neutrino
data at the highest energies (point A in Fig. 2, LX = 1047 erg/s, R = 109.6 km, with G = 540). Upper right panel: predicted
muon neutrino spectrum from TDEs, compared to the data from the High Energy Starting Events at IceCube [22]. An
additional flux, which might be of atmospheric origin (taken from [22]), is also shown. Upper left panel: Simulated energy
spectrum of UHECRs (thick curve); and its components from (groups of) di↵erent nuclear species (thin, same color coding as
in the bottom panels). For comparison, the Auger data are shown [23]. Lower panels: Predictions and data [24] on the average
(left) and standard deviation (right) of the Xmax distributions as a function of the energy. For predictions, EPOS-LHC [25] is
assumed as the interaction model for UHECR-air interactions. A shift of �20% is applied to the energy scale of all the UHECR
data, see text.

species, 14N, is injected in the jet. This pure injection
composition has been found to approximate the results
obtained with a mixed carbon-oxygen (C-O) injection,
which might be expected in the disruption of a C-O WD.
This choice is also inspired by the recent observations
of nitrogen emission lines in TDE observations [35, 36].
Other possibilities for the nuclear composition, including
ONeMg dwarfs from past supernovae or WDs with ex-
plosive nuclear burning (see e.g. [31]), are other options
which will not be considered here for brevity.

We simulate the interactions in the TDE jet with the
NeuCosmA code as in [34]. The resulting cosmic ray
and neutrino spectra are then processed by the Sim-
Prop code [37], which models the UHECR propagation
through the extragalactic space, and also computes the
cosmogenic neutrino flux. The mechanism for the escape
of the cosmic rays from the sources is calculated as in
Ref. [38], leading to hard spectra ejected from the source
and injected in the extragalactic space. These spectra
are compatible with the results from the UHECR global
fit by the Auger Collaboration [39] (depending on the
source evolution). We obtain the di↵use particle fluxes
at Earth, using the assumption that all TDE jets are
identical in the cosmologically co-moving frame, and that

their rate evolves negatively with the redshift (approxi-
mately as ⇠ (1 + z)�3), following the evolution of the
number density of SMBHs as calculated in Ref. [40] (see
also [29, 41, 42]). We also compute the first two mo-
ments of the distributions of the quantity Xmax, which
is defined as the depth at which the energy deposited in
the atmosphere by a cosmic ray shower reaches its maxi-
mum; Xmax depends strongly on the mass of the primary
cosmic ray nucleus.

To assess the compatibility with observations, we ana-
lyze the Pierre Auger Observatory data for the UHECR
spectrum [23] and for the distributions of Xmax [32] be-
yond 1019 eV. A fit of these data is performed, includ-
ing a downshift (of the data) of 20% in the energy scale
to better match the maximal energy of the spectrum.
The shift amount is comparable to the energy scale un-
certainty of the Auger experiment (14%). It is treated
as experimental systematics here, but it is degenerate
with the acceleration e�ciency (or even nuclear injection
composition) of the primaries, which can be adjusted ac-
cordingly to reach high enough maximal energies. After
the UHECR fit, as a separate step, we check the com-
patibility of the results with the IceCube neutrino data
(measured data points beyond PeV energies [22]).
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FIG. 1: Cosmic ray and neutrino observables corresponding to a parameter space point describing both UHECR and neutrino
data at the highest energies (point A in Fig. 2, LX = 1047 erg/s, R = 109.6 km, with G = 540). Upper right panel: predicted
muon neutrino spectrum from TDEs, compared to the data from the High Energy Starting Events at IceCube [22]. An
additional flux, which might be of atmospheric origin (taken from [22]), is also shown. Upper left panel: Simulated energy
spectrum of UHECRs (thick curve); and its components from (groups of) di↵erent nuclear species (thin, same color coding as
in the bottom panels). For comparison, the Auger data are shown [23]. Lower panels: Predictions and data [24] on the average
(left) and standard deviation (right) of the Xmax distributions as a function of the energy. For predictions, EPOS-LHC [25] is
assumed as the interaction model for UHECR-air interactions. A shift of �20% is applied to the energy scale of all the UHECR
data, see text.

species, 14N, is injected in the jet. This pure injection
composition has been found to approximate the results
obtained with a mixed carbon-oxygen (C-O) injection,
which might be expected in the disruption of a C-O WD.
This choice is also inspired by the recent observations
of nitrogen emission lines in TDE observations [35, 36].
Other possibilities for the nuclear composition, including
ONeMg dwarfs from past supernovae or WDs with ex-
plosive nuclear burning (see e.g. [31]), are other options
which will not be considered here for brevity.

We simulate the interactions in the TDE jet with the
NeuCosmA code as in [34]. The resulting cosmic ray
and neutrino spectra are then processed by the Sim-
Prop code [37], which models the UHECR propagation
through the extragalactic space, and also computes the
cosmogenic neutrino flux. The mechanism for the escape
of the cosmic rays from the sources is calculated as in
Ref. [38], leading to hard spectra ejected from the source
and injected in the extragalactic space. These spectra
are compatible with the results from the UHECR global
fit by the Auger Collaboration [39] (depending on the
source evolution). We obtain the di↵use particle fluxes
at Earth, using the assumption that all TDE jets are
identical in the cosmologically co-moving frame, and that

their rate evolves negatively with the redshift (approxi-
mately as ⇠ (1 + z)�3), following the evolution of the
number density of SMBHs as calculated in Ref. [40] (see
also [29, 41, 42]). We also compute the first two mo-
ments of the distributions of the quantity Xmax, which
is defined as the depth at which the energy deposited in
the atmosphere by a cosmic ray shower reaches its maxi-
mum; Xmax depends strongly on the mass of the primary
cosmic ray nucleus.

To assess the compatibility with observations, we ana-
lyze the Pierre Auger Observatory data for the UHECR
spectrum [23] and for the distributions of Xmax [32] be-
yond 1019 eV. A fit of these data is performed, includ-
ing a downshift (of the data) of 20% in the energy scale
to better match the maximal energy of the spectrum.
The shift amount is comparable to the energy scale un-
certainty of the Auger experiment (14%). It is treated
as experimental systematics here, but it is degenerate
with the acceleration e�ciency (or even nuclear injection
composition) of the primaries, which can be adjusted ac-
cordingly to reach high enough maximal energies. After
the UHECR fit, as a separate step, we check the com-
patibility of the results with the IceCube neutrino data
(measured data points beyond PeV energies [22]).

[e.g. Biehl, Boncioli, Lunardini & Winter’17]
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E) 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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E) Cosmogenic (“GZK”) 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)

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)

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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Diffuse vs. Point-Source

– 10 –

Fig. 2.— 90% CL limits for selected sources (squares and dots) and sensitivities using the Neyman

method as a function of the declination (lines) reported in the ANTARES 2007-2012 (blue) (Adrián-

Mart́ınez et al. 2014) and the IceCube 3 years (red) (Aartsen et al. 2013d) point source analyses.

An unbroken E�2 power-law source spectrum is assumed for the limits and lower sensitivity curves

(solid lines). Dashed lines indicate the sensitivity for an E�2 spectrum with neutrino energies of

E⌫  100 TeV using the Neyman method.

The parameters which are used to optimise this sample are the quality of the track fit, ⇤, the

angular error estimate, � (also denoted as � in most ANTARES publications), and the zenith

angle, ✓. These three parameters are given by the track reconstruction of neutrino events, which

uses a maximum likelihood (ML) method (Adrián-Mart́ınez et al. 2012b, 2013a). The algorithm

is based on a multi-step procedure to fit the direction of the reconstructed muon by maximising

the ⇤ parameter. The angular error estimate, �, is obtained from the uncertainty on the zenith

and azimuth angles extracted from the covariance matrix.

The selection yields a total of 5516 events for the whole sky, with 4136 of these events in the

Southern Hemisphere. The estimated contamination of mis-reconstructed atmospheric muons is

10%.

90% CL limits for selected sources and sensitivities a function of the declination reported by

ANTARES 5 years (blue) and IceCube 3 years (red) [IceCube & ANTARES’15]
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Diffuse vs. Point-Source
• (quasi-)diffuse flux fixes luminosity L: [Lipari’08]

Fdiff =
1

4π

∫
dz

dVC

dz
ρ(z)

L
4πd2

L(z)
' O(1)

1
4π

ρ(0)

H0
L

• point-source flux:

FPS =
L

4πd2
L(z)

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

• ∼ 10−3 Mpc−3 for low–luminosity AGN

• ∼ 10−5 Mpc−3 for starburst galaxies

• ∼ 10−5 Mpc−3 for galaxy clusters

• & 10−5 Mpc−3 for UHE CR sources

• ∼ 10−8 − 10−7 Mpc−3 for radio galaxies

• ∼ 10−8 Mpc−3 for BL Lacs

• ∼ 10−11 − 10−10 Mpc−3 for flat-spectrum radio quasars
[Murase & Waxman’16; Mertsch, Rameez & Tamborra’16]
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Revisiting Olbers’ Paradox

unit 
volume

Hubble horizon

• expect one source per unit volume:

4πfsky

3
d3ρ0 = 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
4πfskyρ0

) 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 ρ
(rate ρ̇) and redshift evolution ξz

Ü PS observation requires rare sources

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

8 BL Lacs
(ρeff ' 10−8Mpc−3)

8 “normal” GRBs
(ρ̇eff ' 10−9Mpc−3yr−1)

Ü stronger limits via source “stacking”
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BL Lac

Starburst

Galaxy Clusters

FR-I

FR-II

LL AGN
excluded by non-observation

of closest source

diffuse flux (ξz = 2.4)
diffuse flux (ξz = 0.6)

FSRQ

[Kowalski’06; Lipari’08; Murase, Beacom & Takami’12]

[MA & Halzen’14; Murase & Waxman’16]

[Mertsch, Rameez & Tamborra’16]
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Multi-Messenger Interfaces

10 100 103 104 105 106 107 108 109 1010 1011

energy E [GeV]

10−9

10−8

10−7

10−6

E
2 φ

[G
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s−
1
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−1

]

B

A

C

high-energy
neutrinos
(IceCube)

IC2

(Fermi)
background

isotropic γ-ray ultra-high energy
cosmic rays

(Auger)

IC1

cosmogenic
ν + ν̄

proton (E−2)

γ-rays from
π0 decay

calorimetric
limit

π± / π0

production
GZK

mechanism

M. Ahlers (2017)

Further progress in source identification via multi-messenger relations.
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Hadronic Gamma-Ray Emission

Ü Inelastic collisions of cosmic rays (CR)
with radiation or gas produce
γ-rays and neutrinos.

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

absorption

magnetic 
deflection

cosm
ic ray

neutrino

gam
m

a ray

multi-
messenger

source

gravitationalwaves
gamma rays

energetic light (photons)

easily absorbed en-route

cosmic rays

very energetic charged nuclei

distorted by magnetic fields

neutrinos

elementary particle produced 
in collisions of cosmic rays

weakly interacting

gravitational waves*

from cataclysmic events

very weakly interacting

*Nobel Prize 2017
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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

]
combined fit range

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

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]
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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]
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direct γ
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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

• Photon fluctuation analyses
of Fermi data allow to
constrain the source count
distribution of blazars below
the source detection threshold.

• inferred blazar contribution
above 50 GeV:

• Fermi Collaboration’15:

86+16
−14% of EGB

• Lisanti et al.’16:

68+9
−8(±10)sys% of EGB

• Zechlin et al.’16

81+52
−19% of EGB [Fermi’15]
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Non-Blazar Limits on Gamma-Ray Background

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies
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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

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

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies
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Tamborra, Ando & Murase (2014)

ΓSB = 2.15 , η = 1

hadronic γ-ray emission normalized to IR-γ-ray correlation

ν (per flavor)

total γ

direct γ

cascade γ

IGRB (Fermi)

IceCube combined

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

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies

2.0 2.2 2.4 2.6 2.8 3.0
spectral index Γ for Eν > 25 TeV
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] 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 8yr

MESE 7yr

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

• non-blazar contribution above
50 GeV: [Fermi’15]

14+14
−14% of EGB

8 strong tension with IceCube
observation (Eν . 100 TeV)

• limits apply to generic cosmic ray
calorimeters

8 even stronger tension for
individual calorimeters,
e.g. star-forming galaxies
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SFG model (Tamborra et al. 2014)
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Fermi upper bounds on direct & cascade γ-ray flux
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MESE 7yr

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

• Strong limits apply to CR calorimeters, like starburst galaxies or galaxy clusters.

• Some direct γ-ray emission can be reduced by absorption (γγBG) in sources.
[Chang & Wang’14]

• Neutrino flux at 10 TeV at the level of 10% (100%) of atmospheric νµ (νe)
background: failure of veto mechanism? [Gaisser, Jero, Karle & van Santen’14]

• Broken power-law would be a natural consequence of a combination of multiple
diffuse neutrino source populations.

• The diffuse neutrino flux at Eν & 100 TeV saturates limits from UHE CR sources.
Is this population also responsible for UHE CRs? [Katz, Waxman, Thompson & Loeb’13]

• Is secondary γ-ray emission in the Fermi range “hidden”? [Murase, Guetta & MA’15]
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UHE CR association?

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

[E2
pQp(Ep)]1019.5eV ' 8× 1043 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

1.5× 10−8 GeV cm−2 s−1 sr

• similar UHE nucleon emission rate density (local minimum at Γ ' 2.04) [Auger’16]

[E2
NQN(EN)]1019.5eV ' 2.2× 1043 erg Mpc−3 yr−1

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

8 But, how to reach Emax ' 1020 eV in environments of high energy loss ( fπ ' 1)?
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UHE CR association?

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

• starburst galaxies [Loeb & Waxman’06]
• galaxy clusters [Berezinsky, Blasi & Ptuskin’96; Beacom & Murase’13]
• “unified” sources (UHE CRs, γ-ray & neutrinos):
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FIG. 1: Predictions for the diffuse flux (top) of five elemental groups together with the proton (orange errorbars) and total
flux from KASCADE, KASCADE-Grande (light-blue errorbars) [11] and Auger (dark-blue errorbars) [10, 36], the EGRB from
Fermi-LAT (light-blue errorbars) [2], and the high-energy neutrino flux from IceCube (light-blue shaded area) [4]. Crosses and
dotted lines denote neutrinos and photons from Aγ and Ap interaction, respectively. The middle and lower panels compare
predictions for Xmaxand RMS(Xmax) using the EPOS-LHC [38] and QGSJET-II-04 [29] models to data from Auger [37]. Left
panels for only hadronic interactions with α = 1.8, Emax = 3×1018 eV and BL Lac evolution. Right panels for both Aγ and Ap
interactions with α = 1.5, Emax = 6 × 1018 eV, τpγ = 0.29 and AGN evolution. The hadronic interaction depth is normalised
as τpp

0 = 0.035.

3

FIG. 1: Integrated spectra of cosmic rays, neutrinos, and � rays from galaxy clusters and groups with black
hole jets as accelerators, compared to measurements from the KASCADE-Grande [15], Telescope Array and
Telescope Array Low Energy extension (TALE) [4], Pierre Auger observatory [3] (with energy scaled up by
7% to match TA data at the ankle), IceCube [7], and Fermi Gamma-Ray Space Telescope [13, 14]. The total
cosmic ray spectrum (solid red) is decomposed into two composition groups: light (dashed red; H and He)
and medium-heavy (dotted red; CNO, Si, Mg, Fe). PeV neutrinos (solid blue) are produced by interactions
between cosmic rays and the ICM (dashed blue), and by UHECRs interacting with the CMB and EBL
during their intergalactic propagation (dash-dotted blue). The upper bound on the neutrino flux of UHECR
nuclei (for sacc = 2.3) is shown for reference (dashed grey) [26]. The �-ray counterparts (solid black for
the total flux and dash-dotted black for � rays produced in the ICM) are comparable to the non-blazar
component of the EGB measured by the Fermi Gamma-Ray Space Telescope [14].

by [8]:

�(E) =
1

4⇡

Z
c dz

H(z)

Z 1

Mmin

dM
dn

dM

dṄ

dE0 (M, z), (1)

where dn/dM is the halo mass function, H(z) is the Hubble parameter at redshift z, dṄ/dE0

is the production rate of neutrinos (or propagated cosmic rays) from a given cluster with a red-
shifted energy E0 = (1 + z) E. We consider clusters with a halo mass above Mmin = 5 ⇥ 1013 M�
(corresponding to ⇠ 1011 M� stellar mass), which present higher radio-loud AGN fractions [24].

Figure 1 shows the integrated spectra of UHECRs and neutrinos from over-density regions with
black hole jets. The observed UHECR spectrum is normalized to the Auger data point at 1019.05 eV.
The cosmic-ray confinement in the lobe and the host cluster makes the injection spectrum harder
below the second knee [8, 11]. The spectral shape is agreement with both measurements by Auger
and TA above 1018 eV. Primary and secondary cosmic-ray particles received by the observer are
divided into two composition groups: light (including H and He) and intermediate/heavy (including
CNO, Si, Mg, Fe), with the two crossing around 1019.5 eV. The mean of the maximum depth of
an air shower, hXmaxi, which depends on the mass of the UHE nucleon or nucleus, is shown in

[Kachelriess, Kalashev, Ostapchenko & Semikoz’17] [Fang & Murase’17]

8 However, Eν < 100 TeV neutrino data remains a challenge!
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Correlation with UHE CRs?
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• θrms ' 1◦ (D/λcoh)
1/2

(E/55EeV)
−1

(λcoh/1Mpc) (B/1nG) [Waxman & Miralda-Escude’96]
• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data

Markus Ahlers (NBI) Extragalactic Origin of High-Energy Neutrinos January 24, 2018 slide 40



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

• IceCube has identified a diffuse flux of astrophysical neutrinos in the TeV-PeV
energy range of unknown origin.

• Galactic and Extragalactic Sources are candidate sources, but absence of
anisotropies favours the latter.

• No compelling scenario for the TeV-PeV energy range.

• High intensity of the emission is comparable to that of ultrahigh-energy cosmic
rays and γ-ray backgrounds.

• Large neutrino flux in the 1− 10 TeV range is challenged by constraints set by
the extra-galactic γ-ray background observed by Fermi.

• Saturation of calorimetric bounds of UHE CR sources might indicate common
origin.
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Updated Multi-Messenger Panorama
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Cosmic Ray Accelerators?

• Hillas bound: [Hillas’84]
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• luminosity bound: [Waxman’95]

LB & 1045.5 Γ2

β

(
E/Z

1011 GeV

)2 erg
s

8 few luminous source candidates within
GZK horizon (' 200 Mpc)

Ü heavy composition (Z � 1) and/or
transient sources:

• gamma-ray bursts?
• tidal disruption events?
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Flux Distribution of a Standard Candle

• point-source flux F

F =
L

4πr2 → |dF| = 2
L

4πr3 dr

• point-source number N per
distance r

dN = 4πr2ρdr

• flux distribution

dN
dF
∝ r5 ∝ F−5/2

• distribution of the closest source
[MA & Halzen’14]
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Fermi Bounds for pγ Sources

• Fermi constraints less severe
for pγ scenarios:

1 no power-law extrapolation
to Fermi energy range

2 high pion production
efficiency implies strong
γ-absorption in sources

• source candidates:

• AGN cores [Stecker’91;’13]

[Kimura, Murase & Toma’14]
• choked GRB jets

[Mészáros & Waxman’01]

[Senno, Murase & Mészáros’16]
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Corresponding Opacities

• required cosmic ray energy:

ECR ∼ 20Eν

• required target photon energy:

εt ∼ 200 keV
(

Γ

10

)2( Eν
3 TeV

)−1

• opacity relation:

τγγ(Eγ) ∼ 1000 fpγ(Ep)

Ü strong internal γ-absorption:

Eγ & 100 MeV
(

Eν
3 TeV

)

4

-4

-3

-2

-1

0

1

2

3

4

-3 -2 -1 0 1 2 3 4 5 6 7 8

lo
g

(
) 

o
r 

lo
g

(f
p

)

log( [GeV])

power law ( =2.5)
power law ( =2/3)

gray body

 & CR bound 

on  annihilation

fp
 & CR bound 

on p  interaction

Fermi-LAT

p /  optical depth correspondence

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].

[Murase, Guetta & MA’15]
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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]
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