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Multi-Messenger Astronomy

• Cosmic ray (CR) acceleration in the
aftermath of cataclysmic events,
sometimes seen in gravitational waves.

Ü Inelastic collisions with radiation or gas
produce γ-rays and neutrinos, e.g.

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + νµ + νµ

• Unique aspects of neutrino
messengers:

• identify cosmic ray sources

• qualifies γ-ray emission

• covers blind spot of astronomy to the
very-high-energy Universe
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The IceCube Observatory

• Giga-ton Cherenkov telescope
at the South Pole

• 60 digital optical modules
(DOMs) per string

• 78 IceCube strings
125 m apart on triangular grid

• 8 DeepCore strings
DOMs in particularly clear ice

• 81 IceTop stations
two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: e0.25 per ton
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Methods of Neutrino Detection I
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Ü Selecting up-going muon tracks reduces atmospheric muon background:

10, 000, 000, 000︸ ︷︷ ︸
atmospheric muons (from above)

: 100, 000︸ ︷︷ ︸
atmospheric neutrinos

: 10︸︷︷︸
cosmic neutrinos
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Methods of Neutrino Detection II

• Outer layer of optical
modules can be used as a
veto region (gray area):

8 Atmospheric muons pass
through veto from above.

8 Atmospheric neutrinos
are produced in coincidence
with atmospheric muons.

4 Cosmic neutrino events
can start inside the
fiducial volume.

Ü High-Energy Starting
Event (HESE) analysis

Event Selection For Contained Events

I Define a fiducial
volume and a veto
region

I Make sure first 3/250
hits are not on
boundary

I Go to high energy
(> 6000 PE) to make
sure significant
numbers of photons
expected on boundary

I Topology/direction
independent sample

I Becomes fully
e�cient at
⇠ 50 � 100 TeV

90 meters

10 meters
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Side 

!ducial volume

!ducial volume

80 meters

-1450 m

-2085 m
-2165 m

-2450 m

N. Whitehorn, UW Madison MANTS 2013 - 6

[IceCube Collaboration’13]
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2013: A Milestone for Neutrino Astronomy

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from νµ scattering) “cascade event” (from all flavours)

[“Breakthrough of the Year” (Physics World), Science 2013]
(time-dependent neutrino signal: early to late light detection)
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Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• efficient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large effective volume due to ranging in tracks

• efficient removal of atmospheric muon backgrounds by Earth-absorption
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Multi-Messenger Interfaces
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• efficient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large effective volume due to ranging in tracks

• efficient removal of atmospheric muon backgrounds by Earth-absorption
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Power-Law Fits

• power-law fit (per flavour):

φ(E) =
φastro × 10−8

GeV cm2 s sr

[
E

100 TeV

]−γastro

• HESE (6yr) fit range:

60 TeV ≤ E ≤ 3 PeV

• up-going νµ + νµ (8yr) fit range:

119 TeV ≤ E ≤ 4.8 PeV

• Hard spectrum of 2-component
HESE fit consistent with νµ + νµ

spectrum within 68% C.L.!
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The Cosmic “Beam”
1 PeV neutrino ↔ 20-30 PeV cosmic ray nucleon

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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Arrival Directions of Cosmic Neutrinos
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No significant correlation of diffuse flux with known Galactic or extragalactic sources.
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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; Denton & Tamborra’18; Boncioli, Biehl & Winter’18]

• 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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Neutrino Point-Source Limits
All-sky neutrino point source searches in IceCube 11
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Figure 7. Trial correction of the most significant spots in the
sky that were observed in the seven year search. Solid verti-
cal lines indicate the pre-trial p-value of the most significant
spots in each half of the sky; crosses show the distribution
of spots similarly obtained in scrambled data trials. The tri-
als are modeled by an analytic parameterization of the trial
correction (Equation 5, black dashed line) that corresponds
to 1.9 × 105 independent trials per half of the sky.

Due to the large number of tested locations in the sky,

the two most significant locations in the sky have to be

trial corrected with the trial correction in Eq. 5 that
is estimated by repeating the full-sky scan on scram-

bled data trials, as shown in Fig. 7. This yields post-

trial p-values of 29%, 17% for northern and southern

sky, respectively. Hence, the full-sky results are in

agreement with a pure background assumption, and
no significant clustering is observed. For an unbro-

ken E−2 power-law spectrum, the 90% upper-limits of

the two most significant positions are E2
νdφ/dEν =

4.49 × 10−12 TeV cm−2 s−1 in the northern sky, and
E2

νdφ/dEν = 2.92 × 10−11 TeV cm−2 s−1 in the south-

ern sky. For softer spectra of E−3, the 90% upper-

limits yield E3dφ/dEν = 5.08 × 10−11 TeV2 cm−2 s−1

and E3dφ/dEν = 1.29 × 10−8 TeV2 cm−2 s−1 for the

northern and southern spot, respectively. In Fig. 8, the
solid blue line indicates the 90% upper-limit established

by the hottest spot results. A neutrino source at any

declination δ that would emit a steady flux higher than

this curve, would be detected 90% of the time as having
a greater significance than that actually observed for the

hottest spots found in the analysis (whose 90% upper-

limits are highlighted as stars on the blue line).

Besides the results of the full-sky scan, there are two

neutrino events detected with IceCube that are worth
commenting on here. The first one is the highest en-

ergetic neutrino event detected (4.5 ± 1.2 PeV) so far

with IceCube (Schoenen & Rädel 2015; Aartsen et al.

2016b), a neutrino-induced up-going muon track with
very precise angular resolution. This neutrino event is

part of the through-going track sample (Section 2.2). At
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Figure 8. Discovery potential (5σ, solid red) and sensitiv-
ity (dashed red) for a νµ + ν̄µ unbroken E2

νdφ/dEν flux
shown against declination δ. The gray line shows the re-
sults of (Adrian-Martinez et al. 2014) in the south. Upper
limits of source candidates in Tab. 2 and Tab. 3 are depicted
by red crosses. The blue line represents the upper limit for
the observed most significant spots in each half of the sky for
all declinations, the actual declination position of the spots
is indicated by a star.

its position (α = 110◦, δ = 11.5◦), no significant cluster-

ing is observed (pre-trial 5.2%). A slight excess is indeed
observed, but originates from the PeV event alone. The

second interesting event is a straight down-going start-

ing track at 430 TeV deposited energy (Aartsen et al.

2015f). Not only does it start inside of the IceCube de-

tector, but the reconstructed track points back to the
IceTop surface detector and no atmospheric shower is

observed in coincidence with the event. This event is

part of the starting track sample (Section 2.3), but no

clustering of events apart from the track itself is ob-
served at the location in the sky (α = 218◦, δ = −86◦)
and the pre-trial p-value is 0.6%.

4.2. Hotspot population

The search for populations of weak sources in the
full-sky in Fig. 6 did not reveal any significant outcome

above background expectation. In Fig. 9, the number

of spots versus pre-trial p-value − log10 pmin threshold is

shown for northern (left) and southern sky (right). The
observed number of spots is shown versus background

expectation with shaded areas indicating 1σ, 2σ, and

3σ intervals. This is then converted to a local p-value P
according to Eq. 6.

In the northern sky, the most significant excess is ob-
served above a threshold of − log10 pmin ≥ 3.35 with

72 spots above a scrambled data expectation of 56.7.

The local p-value of such an excess is P = 2.8% and

increases to 25% after trial correction. For the south-
ern sky, 7 spots above an expectation of 2.1 spots at

− log10 pmin ≥ 4.66 are reported. The probability of this

[IceCube, Astrophys.J. 835 (2017) no.2, 151]
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Constraints from Point-Source Limits

Ü Populations with lower density
require higher luminosity and
predict brighter individual
sources. [Lipari’08; Kowalski’14]

[MA & Halzen’14; Murase & Waxman’16]

[Mertsch, Rameez & Tamborra’16]

• non-observation of individual
neutrino sources constrain source
populations, e.g.
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Active Galactic Nuclei / Blazars

• neutrinos from pγ interactions in AGN [Stecker et al.’91; 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

!""#$%&'()*+,(
-./0(12(

)3+4(4&#3+(
-562(

7#&!)8*'$(#$9*&'(
-&:40(./2(

"&+;*"(#!<(

78!=!#(=&'$(
-7#&!)7!')2((

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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Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6 ⇥ 10�12 4.6 (3.8 � 5.3) ⇥ 10�12

FSRQs 0.8 ⇥ 10�12 2.1 (1.0 � 3.1) ⇥ 10�12

LSPs 1.0 ⇥ 10�12 1.9 (1.2 � 2.6) ⇥ 10�12

ISPs/HSPs 1.8 ⇥ 10�12 2.6 (2.0 � 3.2) ⇥ 10�12

LSP-BL Lacs 1.1 ⇥ 10�12 1.4 (0.5 � 2.3) ⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5 ⇥ 10�9 4.7 (3.9 � 5.4) ⇥ 10�9

FSRQs 0.9 ⇥ 10�9 1.7 (0.8 � 2.6) ⇥ 10�9

LSPs 0.9 ⇥ 10�9 2.2 (1.4 � 3.0) ⇥ 10�9

ISPs/HSPs 1.3 ⇥ 10�9 2.5 (1.9 � 3.1) ⇥ 10�9

LSP-BL Lacs 1.2 ⇥ 10�9 1.5 (0.5 � 2.4) ⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5 ⇥ 10�6 8.3 (7.0 � 9.7) ⇥ 10�6

FSRQs 1.7 ⇥ 10�6 3.3 (1.6 � 5.1) ⇥ 10�6

LSPs 1.6 ⇥ 10�6 3.8 (2.4 � 5.2) ⇥ 10�6

ISPs/HSPs 1.6 ⇥ 10�6 4.6 (3.5 � 5.6) ⇥ 10�6

LSP-BL Lacs 2.2 ⇥ 10�6 2.8 (1.0 � 4.6) ⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.
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Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ +⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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�SI = �2.5, E⌫ > 10 TeV

�SI = �2.2, E⌫ > 10 TeV

Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use
astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.

The equal-weighting upper limit results in a maximally
19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.

In case we assume a proportionality between the �-ray
and neutrino luminosities of the sources, the �-weighting

Blazar stacking limits derived from Fermi-LAT AGN catalogue (2LAC) [IceCube’16]

Markus Ahlers (NBI) Neutrino Sources in Light of Recent IceCube Results September 5, 2018 slide 16



TeV Gamma-Ray Blazars

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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Mücke et al. HSP (optimistic)

Tavecchio et al. LSP

Padovani et al. HSP

90% C.L.
Upper Limit

(b) BL Lacs

102 103 104 105 106 107 108 109 1010 1011 1012

Neutrino Energy [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

E
2

d
�

d
E

⌫ µ
[G

eV
s�

1
cm

�
2
sr

�
1
] Models

Murase BLR-Zone, �p = 2.0

Murase Blazar-Zone, �p = 2.0

90% C.L. Upper Limit

(c) FSRQs - 1

102 103 104 105 106 107 108 109 1010 1011 1012

Neutrino Energy [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

E
2

d
�

d
E

⌫ µ
[G

eV
s�

1
cm

�
2
sr

�
1
] Models

Murase BLR-Zone, �p = 2.3

Murase Blazar-Zone, �p = 2.3

Becker ‘05

90% C.L. Upper Limit

(d) FSRQs - 2

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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IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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IceCube EHE (“extremely-high energy”) alert IC-170922A
Up-going muon track (5.7◦ below horizon) observed on September 22, 2017.

The best-fit neutrino energy for an E−2-spectrum is 311 TeV.
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g

RESEARCH
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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[Science 361 (2018) no.6398, eaat1378]

• IC-170922A observed in coincident with flaring blazar TXS 0506+056.

• Chance correlation can be rejected at the 3σ-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars and one of the most
luminous BL Lacs (2.8× 1046 erg/s).
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Fits of Multi-Messenger SED

14

Table 7. Model-specific parameter values for leptonic models (LMs) for TXS 0506+056 discussed in the text

LMBB1a LMBB1b LMBB1c LMBB2a LMBB2b LMBB2c LMPL1a LMPL1b LMPL2a LMPL2b

L
0(max)
p [1044 erg s�1] 0.54 0.27 0.34 1 5.4 10 0.54 0.54 10 10

sp 2 2.5 3 2 2 2 2 2 2 2

�0
p,min 1 3 ⇥ 106 3 ⇥ 106 1 1 1 1 1 1 1

�0
p,max [108] 30 30 30 1.6 0.16 0.016 30 30 0.016 0.016

u0
ext [erg cm�3] 0.033 0.033 0.067 0.04 0.08

T 0 [K] 3 ⇥ 105 n/a

↵ n/a 3 2 3 2

"0min [keV] n/a 0.05

"0max [keV] n/a 5

Note—See Table 5 for parameter definitions, and Table 6 for parameter values common to all LMs. In LMBB models, the external photon
field is blackbody-like with comoving temperature T 0, while in LMPL models, it is a power-law between comoving energies "0min and "0max,
with photon index ↵. In all cases, u0

ext is the comoving energy density of the external photon field. Note that the isotropic-equivalent
cosmic-ray proton luminosity is Lp = �4L0

p.

100 105 1010 1015

10−13

10−12

10−11

10−10

100 105 1010 1015

 ε [eV]

10−13

10−12

10−11

10−10

 ε
 F

ε
 [
e
rg

 c
m

−
2
 s

−
1
]

LM

1043

1044

1045

1046

1047

 ε
 L

ε
 a

t 
z=

0
.3

3
 [
e
rg

 s
−

1
]

103 104 105

10−12

  Lp
(max)

 2× Lp
(max)

Figure 4. Leptonic Model (LMBB2b) for the
TXS 0506+056 flare (Ep. 1). Two SED cases (gray
lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with
hadronic component set to the maximum allowed proton
luminosity L

(max)
p ⇡ 2 ⇥ 1050 erg s�1 (solid gray), and the

other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal
(solid red) and “twice maximal” (dashed line) cases are
also shown. Photon attenuation at "� ⇠> 3 ⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

In what follows, we show that our neutrino flux limits

are fairly insensitive to the exact parameter values that

may a↵ect the photomeson production optical depth.
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Figure 5. Upper limits on the all-flavor neutrino (⌫ + ⌫̄)
fluxes predicted for our modeling of the SED in the leptonic
(LMx) and hadronic (HMx) models.

Proton maximum energy — Motivated by the hypoth-

esis that blazars are UHECR accelerators, i.e., at ener-

gies above 3 ⇥ 1018 eV (Murase et al. 2012), we ex-

plore the e↵ect of the proton maximum energy on the

neutrino flux upper limits. We thus explore cases with

�0
p,max = 1.6 ⇥ 108, 1.6 ⇥ 109, and 3 ⇥ 109 – see Ta-

ble 7. Our results on the neutrino fluxes are presented

in Fig. 5.

Neutrino spectra in the LMBB1x models are more

extended in energy compared to the default case

(LMBB2b). They peak around 10 PeV (100 PeV) for
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Figure 4: Time-dependent simulation of the lightcurve during the flare. The response is
shown for an example period of 90 days. Left panel: Temporal response in 220-TeV neutrinos
and various wave bands. Note the scaling variations in the time axis. Right panel: Spectral
response of the signals in neutrinos and photons. The dots reflect data taken during the years
prior to the flare, and the gray bands represent the observed spread and variation in the earlier
flux measurements.

The left panel of Fig. 4 displays the amplification of the signals in various wavebands and

in neutrinos for an assumed flare duration of 90 days. Any short-term variations in the particle

injection rate would affect the radiation flux with the same response time as shown in the figure,

e.g., swiftly in soft X-rays, slower in hard X-rays, and slowest in neutrinos on account of the

low energy-loss rate of protons. To be noted are the strong enhancement in the neutrino flux

and the flux correlation between neutrinos, hard X-rays, and TeV gamma rays. The neutrinos

are produced in interactions with hard X-ray photons and hence their flux receives a synergistic

boost due to the increased densities of both, the target photons and the protons. In the case

of leptonic emission, some of the gain is lost on account of enhanced energy losses. After the

additional injection into the core vanishes, the electrons rapidly cool and consequently the target

photon density for the remaining cosmic rays decreases to the quiescent level. The neutrino

emission continues at low rate in the larger radiation zone. The right panel shows the spectral

7

[Keivani et al., arXiv:1807.04537] [Gao et al., arXiv:1807.04275]

• Photon SED can be modelled with lepto-hadronic and proton-synchrotron models.
[see also Cerruti et al. arXiv:1807.04335; Zhang, Fang & Li, arXiv:1807.11069]

[Gokus et al. arXiv:1808.05540; Sahakyan, arXiv:1807.05651]

• Neutrino flux limited by theoretically feasible proton luminosity and X-ray data.
[see, however, Righi, Tavecchio & Inoue, arXiv:1807.11069]

[Murase, Oikonomou & Petropoulou, arXiv:1807.04748; Liu et al., arXiv:1807.05113]
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Neutrino Flare in 2014/15 from TXS 0506+056

as a fitted parameter. Themodel parameters are
correlated and are expressed as a pair, (F100, g),
where F100 is the flux normalization at 100 TeV.
The time-dependent analysis uses the same for-
mulation of the likelihood but searches for
clustering in time aswell as space by introducing
an additional time profile. It is performed sep-
arately for two different generic profile shapes: a
Gaussian-shaped timewindow and a box-shaped
time window. Each analysis varies the central
time of the window, T0, and the duration TW
(from seconds to years) of the potential signal to
find the four parameters (F100, g, T0, TW) that
maximize the likelihood ratio, which is defined
as the test statistic TS. (For the Gaussian time
window, TW represents twice the standard de-
viation.) The test statistic includes a factor that
corrects for the look-elsewhere effect arising
from all of the possible time windows that could
be chosen (30).
For each analysis method (time-integrated and

time-dependent), a robust significance estimate is
obtained by performing the identical analysis on
trialswith randomizeddatasets. These areproduced
by randomizing the event times and recalculating

theRAcoordinateswithin eachdata-takingperiod.
The resultant P value is defined as the fraction of
randomized trials yieldinga valueofTSgreater than
or equal to the one obtained for the actual data.
Because the detector configuration and event

selections changed as shown in Table 1, the time-
dependent analysis is performed by operating on
each data-taking period separately. (A flare that
spans a boundary between two periods could be
partially detected in either period, but with re-
duced significance.) An additional look-elsewhere
correction then needs to be applied for a result in
an individual data segment, given by the ratio of
the total 9.5-year observation time to the obser-
vation time of that data segment (30).

Neutrinos from the direction of
TXS 0506+056

The results of the time-dependent analysis per-
formed at the coordinates of TXS 0506+056 are
shown in Fig. 1 for each of the six data periods.
One of the data periods, IC86b from2012 to 2015,
contains a significant excess, which is identified
by both time-window shapes. The excess consists
of 13 ± 5 events above the expectation from the
atmospheric background. The significancedepends
on the energies of the events, their proximity to
the coordinates of TXS 0506+056, and their
clustering in time. This is illustrated in Fig. 2,
which shows the time-independent weight of
individual events in the likelihood analysis during
the IC86b data period.
The Gaussian time window is centered at 13

December 2014 [modified Julianday (MJD) 57004]
with an uncertainty of ±21 days and a duration
TW = 110þ35

"24 days. The best-fitting parameters for
the fluence J100 = ∫F100(t)dtand the spectral
index are givenbyE2J100=2:1þ0:9

"0:7 # 10"4 TeVcm–2

at 100 TeV and g = 2.1 ± 0.2, respectively. The
joint uncertainty on these parameters is shown
in Fig. 3 along with a skymap showing the result
of the time-dependent analysis performed at the
location of TXS 0506+056 and in its vicinity
during the IC86b data period.
The box-shaped time window is centered

13 days later with duration TW = 158 days (from
MJD 56937.81 to MJD 57096.21, inclusive of

contributing events at boundary times). For the
box-shaped time window, the uncertainties are
discontinuous and not well defined, but the un-
certainties for the Gaussian window show that it
is consistent with the box-shaped time window
fit. Despite the different window shapes, which
lead to different weightings of the events as a
function of time, bothwindows identify the same
time interval as significant. For the box-shaped
time window, the best-fitting parameters are sim-
ilar to those of the Gaussianwindow, with fluence
at 100 TeV and spectral index given by E2J100 =
2:2þ1:0

"0:8 # 10"4 TeV cm–2 and g = 2.2 ± 0.2. This
fluence corresponds to an average flux over
158 days of F100 = 1:6þ0:7

"0:6 # 10"15 TeV–1 cm–2 s–1.
Whenwe estimate the significance of the time-

dependent result by performing the analysis at
the coordinates of TXS 0506+056 on randomized
datasets, we allow in each trial a new fit for all
the parameters: F100, g, T0, TW. We find that the
fraction of randomized trials that result in a more
significant excess than the real data is 7 × 10–5 for
the box-shaped time window and 3 × 10–5 for the
Gaussian time window. This fraction, once cor-
rected for the ratio of the total observation time
to the IC86b observation time (9.5 years/3 years),
results in P values of 2 × 10–4 and 10–4, respec-
tively, corresponding to 3.5s and 3.7s. Because
there is no a priori reason to prefer one of the
generic timewindows over the other, we take the
more significant one and include a trial factor of
2 for the final significance, which is then 3.5s.
Outside the 2012–2015 time period, the next

most significant excess is found using the Gauss-
ian window in 2017 and includes the IceCube-
170922A event. This time window is centered
at 22 September 2017 with duration TW = 19 days,
g = 1.7 ± 0.6, and fluence E2J100 = 0:2þ0:4

"0:2 # 10"4

TeV cm–2 at 100 TeV. No other event besides the
IceCube-170922A event contributes significantly
to the best fit. As a consequence, the uncertainty
on the best-fitting window location and width
spans the entire IC86c period, because any win-
dow containing IceCube-170922A yields a similar
value of the test statistic. Following the trial cor-
rectionprocedure for different observationperiods
as described above, the significance of this excess
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Table 1. IceCube neutrino data samples.
Six data-taking periods make up the full
9.5-year data sample. Sample numbers
correspond to the number of detector
strings that were operational. During the
first three periods, the detector was still
under construction. The last three periods
correspond to different data-taking
conditions and/or event selections with the
full 86-string detector.

Sample Start End

IC40 5 April 2008 20 May 2009
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC59 20 May 2009 31 May 2010
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC79 31 May 2010 13 May 2011
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86a 13 May 2011 16 May 2012
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86b 16 May 2012 18 May 2015
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86c 18 May 2015 31 October 2017
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

Fig. 1. Time-dependent analysis results. The orange curve corresponds
to the analysis using the Gaussian-shaped time profile. The central time T0

and width TW are plotted for the most significant excess found in each
period, with the P value of that result indicated by the height of the peak.
The blue curve corresponds to the analysis using the box-shaped time
profile. The curve traces the outer edge of the superposition of the best-

fitting time windows (durations TW) over all times T0, with the height
indicating the significance of that window. In each period, the most
significant time window forms a plateau, shaded in blue. The large blue
band centered near 2015 represents the best-fitting 158-day time window
found using the box-shaped time profile. The vertical dotted line in IC86c
indicates the time of the IceCube-170922A event.
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is 1.4s. If the IceCube-170922A event is removed,
no excess remains during this time period. This
agrees with the result of the rapid-response anal-
ysis (31) that is part of the IceCube alert program,
which found no other potential astrophysical
neutrinos from the same region of the sky during
±7 days centered on the time of IceCube-170922A.
We performed a time-integrated analysis at

the coordinates of TXS 0506+056 using the full
9.5-year data sample. The best-fitting parameters
for the flux normalization and the spectral index
areF100 = 0:8þ0:5

"0:4 # 10"16 TeV–1 cm–2 s–1 and g =
2.0 ± 0.3, respectively. The joint uncertainty on
these parameters is shown in Fig. 4A. The P value,
based on repeating the analysis at the same co-
ordinates with randomized datasets, is 0.002%
(4.1s), but this is an a posteriori significance
estimate because it includes the IceCube-170922A
event, whichmotivated performing the analysis at
the coordinates of TXS 0506+056. An unbiased

significance estimate including the event would
need to take into account the look-elsewhere effect
related to all other possible directions in the sky
that could be analyzed. It is expected that there
will be two or three directions somewhere in the
northern sky with this significance or greater,
resulting from the chance alignment of neutri-
nos (12). Here, we are interested in determining
whether there is evidence of time-integrated neu-
trino emission from TXS 0506+056 besides the
IceCube-170922A event.
If we remove the final data period IC86c, which

contains the event, and perform the analysis
again using only the first 7 years of data, we find
best-fitting parameters that are nearly unchanged:
F100 =0:9þ0:6

"0:5 # 10"16 TeV–1 cm–2 s–1 and g = 2.1 ±
0.3, respectively. The joint uncertainty on these
parameters is shown in Fig. 4B. The P value, using
only the first 7 years of data, is 1.6% (2.1s), based
on repeating the analysis at the same coordinates

with randomized datasets. These results indicate
that the time-integrated fit is dominated by the
same excess as found in the time-dependent
analysis above, having similar values for the
spectral index and total fluence (E2J100 = 2.0 ×
10–4 TeV cm–2 at 100 TeV over the 7-year period).
This excess is not significant in the time-integrated
analysis because of the additional background
during the rest of the 7-year period.

Blazars as neutrino sources

The signal identified during the 5-month period
in 2014–2015 consists of an estimated 13 ± 5
muon-neutrino events that are present in addi-
tion to the expected background. The analysis is
unbinned, but the mean background at the dec-
lination of TXS 0506+056 is useful for compar-
ison purposes; it is 5.8 events in a search bin of
radius 1° during a 158-day time window. (We use
the duration of the box-shaped time window re-
sult for convenience to calculate averages during
the flare.) The significance of the excess is due to
both the number of events and their energy
distribution, with higher-energy events increasing
the significance and leading to the best-fitting
spectral index of 2.1, in contrast to the lower-
energy atmospheric neutrino background with
spectral index ~3.7. At this declination in the sky,
the 68% central energy range inwhich IceCube is
most sensitive to point sources with E–2.1 spectra
is between 32 TeV and 3.6 PeV. Assuming that
the muon-neutrino fluence (E2J100 = 2:1þ1:0

"0:7#
10"4 TeV cm–2) is one-third of the total neu-
trino fluence, then the all-flavor neutrino energy
fluence is 4:2þ2:0

"1:4 # 10"3 erg cm–2 over this
energy range. With the recent measurement (32)
of the redshift of TXS 0506+056 as z = 0.3365 ±
0.0010, this energy fluence implies that the iso-
tropic neutrino luminosity is 1:2þ0:6

"0:4 # 1047 erg s–1

averaged over 158 days. This is higher than the
isotropic gamma-ray luminosity during the same
period, which is similar to the long-term luminosity
between 0.1 GeV and 100 GeV of 0.28 × 1047 erg
s–1 averaged over all Fermi-LAT observations of
TXS 0506+056 (20). Gamma rays are expected to
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Fig. 2. Time-independent weight of individual events during the IC86b period. Each vertical line
represents an event observed at the time indicated by calendar year (top) or MJD (bottom).
Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line indicates the event
weight: the product of the event’s spatial term and energy term in the unbinned likelihood analysis
evaluated at the location of TXS 0506+056 and assuming the best-fitting spectral index g = 2.1
(30).The color for each event indicates an approximate value in units of TeVof the reconstructed muon
energy (muon energy proxy), which the analysis compares with expected muon energy distributions
under different hypotheses. [A distribution for the true neutrino energy of a single event can also
be inferred from the event’s muon energy (30).] The dashed curve and the solid bracket indicate the
best-fitting Gaussian and box-shaped time windows, respectively. The distribution of event weights
and times outside of the best-fitting time windows is compatible with background.

Fig. 3. Time-dependent analy-
sis results for the IC86b data
period (2012–2015).
(A) Change in test statistic,
DTS, as a function of the spectral
index parameter g and the fluence
at 100 TeV given by E2J100. The
analysis is performed at the
coordinates of TXS 0506+056,
using the Gaussian-shaped time
window and holding the time
parameters fixed (T0 = 13
December 2014, TW = 110 days).
The white dot indicates the best-
fitting values. The contours at
68% and 95% confidence level
assuming Wilks’ theorem (36) are
shown in order to indicate the statistical uncertainty on the parameter
estimates. Systematic uncertainties are not included. (B) Skymap showing
the P value of the time-dependent analysis performed at the coordinates of
TXS 0506+056 (cross) and at surrounding locations.The analysis is

performed on the IC86b data period, using the Gaussian-shaped time window.
At each point, the full fit for (F, g, T0, TW) is performed.The P value shown
does not include the look-elsewhere effect related to other data periods. An
excess of events is detected, consistent with the position of TXS 0506+056.
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• Previous 3.5σ neutrino flare (13± 5 events) between Sept. 2014 and March 2015.

• Implies neutrino luminosity of 1.2× 1047 erg/s over 158 days (' 4× LFermi).
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Hadronic Gamma-Ray Emission

Ü Inelastic collisions of cosmic rays (CR)
with radiation or gas produce
γ-rays and neutrinos via pion decay:

π0 → γ + γ

π+ → µ+ + νµ → e+ + νe + νµ + νµ

• relative production rates:

1
3 ∑

α
E2

νQνα (Eν) '
Kπ

4

[
E2

γQγ(Eγ)
]

Eγ=2Eν

8 TeV γ-rays scatter in cosmic microwave
background (CMB) and initiate
electromagnetic cascades:

γ + γCMB → e+ + e−

e± + γCMB → e± + γ

cosm
ic ray

neutrino

gam
m

a ray

absorption

magnetic 
deflection

multi-
messenger

source

gravitationalwaves
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Isotropic Diffuse Gamma-Ray Background (IGRB)

• Gamma-ray emission from
electromagnetic cascades ends
up in the sub-TeV range
observed with Fermi satellite.

8 Cosmic ray spectral index
strongly constrained by the
isotropic diffuse gamma-ray
background (IGRB)

[Murase, MA & Lacki’13]

Γ . 2.15− 2.2

8 IceCube best-fit: [IceCube’15]
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Isotropic Diffuse Gamma-Ray Background (IGRB)
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electromagnetic cascades ends
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observed with Fermi satellite.

8 Cosmic ray spectral index
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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
(
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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].

[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︸ ︷︷ ︸
O(1)

1.5× 10−8 GeV cm−2 s−1 sr︸ ︷︷ ︸
∼ IceCube diffuse

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

• 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

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

Markus Ahlers (NBI) Neutrino Sources in Light of Recent IceCube Results September 5, 2018 slide 29



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):
4
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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
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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.

Ü Excellent conditions for multi-messenger studies:

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

• New candidate sources TXS 0506+056 for neutrino/γ-ray emission.

• Saturation of calorimetric bounds of UHE CR sources might indicate common
origin.
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Cosmic Ray Interactions
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Neutrinos from Pion Decay

• Neutrinos from pion and muon decay:

π+ → µ+ + νµ

µ+ → e+ + νe + νµ

• average energy fraction from relativistic
pions (rπ ≡ m2

µ/m2
π ' 0.57):

〈x〉π+→νµ
=

1− rπ

2
' 21%

〈x〉π+→νµ
=

3 + 4rπ

20
' 26%

〈x〉π+→νe =
2 + rπ

10
' 26%
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• In practice, we often use the approximation:

〈x〉νx ' 〈x〉ν̄x '
1
4

& κπ '
1
5
→ 〈Eν〉

EN
' 1

20
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Galactic Source Candidates

• 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; Neronov, Kachelriess & Semikoz’18]

• 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]

• 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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Pion Production Efficiency

• pion production depend on target opacity τ = `σn

• “bolometric” pion production efficiency (inelasticity κ):

fπ = 1− exp(−κτ)

• inelasticity per pion : κπ = κ/〈Nall π〉 ' 0.17− 0.2

• “bolometric” relation of the production rates Q:

E2
πQπ± (Eπ) '

〈Nπ+ 〉+ 〈Nπ− 〉
〈Nπ0 〉+ 〈Nπ+ 〉+ 〈Nπ− 〉

[
fπE2

NQN(EN)
]

EN=Eπ /κπ

• charged-to-neutral pion ratio:

Kπ ≡
〈Nπ+ 〉+ 〈Nπ− 〉

〈Nπ0 〉 '
{

2 pp
1 pγ

• or in more compact form with Kπ:

E2
πQπ± (Eπ) ' fπ

Kπ

1 + Kπ

[
E2

NQN(EN)
]

EN=Eπ /κπ
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Neutrino and Gamma-Ray Emission

• neutrino emission from pion decay

1
3 ∑

α
EνQνα (Eν) ' [EπQπ± (Eπ)]Eπ'4Eν

' 1
4

fπ
Kπ

1 + Kπ

[
E2

NQN(EN)
]

EN=4Eν/κπ

• neutrino and γ-ray emission are related as

1
3 ∑

α
EνQνα (Eν) '

1
2
〈Nπ+ 〉+ 〈Nπ− 〉

〈Nπ0 〉 [EγQγ(Eγ)]Eγ=2Eν

• again, a more compact form with Kπ:

1
3 ∑

α
E2

νQνα (Eν) '
Kπ

4

[
E2

γQγ(Eγ)
]

Eγ=2Eν

• γ-ray emission is attenuated in sources and, in particular, in the extragalactic
radiation background
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Ultra-Long Baseline Oscillations

• Energy resolution of detectors is limited and size of cosmic neutrino source is large.

Pνα→νβ = δαβ − 4 ∑
i>j
<(U∗αiUβi UαjU∗βj) sin2 ∆ij︸ ︷︷ ︸

→1/2

+ 2 ∑
i>j
=(U∗αiUβi UαjU∗βj) sin 2∆ij︸ ︷︷ ︸

→0

Ü oscillation-averaged probability:

Pνα→νβ '∑
i
|Uαi|2|Uβi|2

• initial composition: νe : νµ : ντ

pion & muon decay: 1 : 2 : 0
muon-damped decay: 0 : 1 : 0
neutron decay: 1 : 0 : 0
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Ultra-Long Baseline Oscillations

• Energy resolution of detectors is limited and size of cosmic neutrino source is large.

Pνα→νβ = δαβ − 4 ∑
i>j
<(U∗αiUβi UαjU∗βj) sin2 ∆ij︸ ︷︷ ︸

→1/2

+ 2 ∑
i>j
=(U∗αiUβi UαjU∗βj) sin 2∆ij︸ ︷︷ ︸

→0

Ü oscillation-averaged probability:

Pνα→νβ '∑
i
|Uαi|2|Uβi|2

• initial composition: νe : νµ : ντ

pion & muon decay: 1 : 2 : 0
muon-damped decay: 0 : 1 : 0
neutron decay: 1 : 0 : 0

Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 13

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

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

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

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

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

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council

[Astrophys.J. 809 (2015) no.1, 98]
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Non-Anthropogenic Neutrino Fluxes
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Non-Anthropogenic Neutrino Fluxes

10−6 10−4 10−2 100 102 104 106 108

E [meV]

10−10

10−8

10−6

10−4

10−2

100

102

104

106
E

2 φ ν
+

ν̄
[G

eV
cm
−2

s−
1

sr
−1

]
Non-Anthropogenic Neutrino Fluxes (per flavour)

CνB

Appendix



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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Limits on Cosmogenic Neutrinos
6

]
-1

 s
r

-1
 s

ec
-2

) [
G

eV
 c

m
ν

(Eφ2 νE

-1010

-910

-810

-710

Ahlers best-fit 3EeV
Ahlers best-fit 10EeV
Kotera FRII
Kotera SFR

90% CL model-dependent UL
model flux

-1010

-910

-810

-710

 [GeV]νE
710 810 910 1010 1110

Murase AGN s=2.3
Padovani all BLLac
Fang Pulsar SFR

FIG. 2. (Color online) Model-dependent 90% confidence-level limits (solid lines) for (upper panel) proton cosmogenic-neutrino
predictions (dashed lines) from Ahlers [1] and Kotera [64] and (lower panel) astrophysical neutrino fluxes from AGN (BLR)
models of Murase [81] and Padovani (long dashes: Y⌫� = 0.8, short dashes: Y⌫� = 0.3) [82], and Fang pulsar model [84]. The
range of limits indicates the central 90% energy region. Two lines of the Ahlers model represent di↵erent threshold energy of
the extragalactic UHECR component. The deviation of the Kotera and Ahlers models below 108 GeV is due to di↵erent models
of the extagalactic background light assumed for the calculation. The wide energy coverage of the current analysis (Fig. 1)
allows a stringent model-dependent limit to be placed for both cosmogenic and astrophysical models.

Fermi-LAT measurements of the di↵use extragalactic �-ray background [62, 63]. Our constraints on these models
imply that the majority of the observed �-ray background is unlikely to be of cosmogenic origin.

Limits on cosmogenic neutrino models [64, 65] using two classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate (SFR) [66], which is a generic measure of structure formation
history in the universe, and the other is that of FRII radio-loud AGN [67, 68]. The cosmogenic models assuming
FRII-type evolution have already been constrained by the previous study [27]. In addition, these strong evolution
models may conflict with the observed �-ray background [1, 69, 70]. The current analysis not only strongly constrains
the FRII-type but also is beginning to constrain the parameter space where SFR drives UHECR source evolution.
The predicted neutrino spectra and the corresponding model-dependent limits are presented in Fig. 1. When the
primaries are heavy nuclei, photodisintegration is more likely than pion production, hence the flux of cosmogenic
muon neutrinos is suppressed [64, 71–74].

Thus the limit on the proton composition cosmogenic models could also be considered as the limit on the proton
fraction of a mixed-composition UHECR model for the given evolution model.

A more generic scanning of parameter space for the source evolution function,  s(z) / (1+z)m, up to the maximum
source extension in redshift z  zmax, was also performed using an analytical parameterization [75]. Because only the
CMB is assumed as the target photon field in the parameterization, the limits are systematically weaker than that on
the models that include extragalactic background light, such as infrared and optical photons, with the given evolution
parameters. The resultant exclusion contour is shown in the upper panel of Fig. 3. Each point represents a given
cosmogenic-neutrino model — normalized by fitting the UHECR spectrum to data [75] — and the contour represents
the exclusion confidence limit calculated using the LLR method. The UHECR spectrum dependence of cosmogenic
neutrino model is also studied in [76]. Our results disfavor a large portion of the parameter space where m � 3.5 for
sources distributed up to zmax = 2. These constraints imply that the sources of UHECRs seem to evolve more slowly
than the SFR. Otherwise, a proton-dominant composition at the highest energies, in particular the dip model [77], is
excluded [78], as studied also in [70, 79, 80].

Astrophysical neutrinos — We tested astrophysical neutrino models for the UHECR sources. One of the ad-
vantages of studying astrophysical neutrino models is that not only proton-dominant, but also mixed- or heavy-
composition UHECR models can be tested with IceCube. The results of the model tests are listed in Table II, and
the limits are shown in the lower panel of Fig. 1.

The AGN models relate the neutrino emission rates in each source with the observed photon fluxes using phenomeno-
logical parameters, such as the baryon loading factor ⇠cr [81] and the neutrino-to-�-ray intensity ratio Y⌫� [82]. As
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FIG. 4. (Color online) All-flavor-sum neutrino flux quasi-di↵erential 90%-CL upper limit on one energy decade E�1 flux
windows (solid line). The limits are derived using a log-likelihood ratio method. The median null observation limit (sensitivity)
is also shown (dashed line). Cosmogenic-neutrino model predictions (assuming primary protons) are shown for comparison:
Kotera et al. [64], Ahlers et al. [1], and an astrophysical neutrino model from Murase et al. [81]. Model-independent di↵erential
limits on one energy decade E�1 flux from Auger [51] and ANITA-II [86] with appropriate normalization are also shown. A
model-dependent upper limit on an unbroken E�2 power-law flux from the current analysis (E2

⌫� < 9.2 ⇥ 10�9 GeV/cm2 s sr)
is shown for reference (dotted line).
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• Upper limits on cosmogenic (top left) and astrophysical (bottom left) neutrino
emission models.

• Differential upper limits (right) in comparison with Auger and ANITA.

Ü Proton-dominated cosmogenic neutrino models are disfavoured.
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Starburst Galaxies

• Increased star formation
enhances cosmic ray
production.

• Dense environment and
strong magnetic fields
enhance CR containment
and interaction.

• Expect spectral break at
(0.1− 1) PeV from CR
leakage (“CR knee”).

• Plot shows muon neutrinos
on production (3/2 of total
neutrino flux).

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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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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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 + νµ]

NGC 253 (δ ' −25◦)

E2φγ(E) ' 9.6× 10−13
(

E
TeV

)−0.14 TeV
cm2s

no neutrino limit

expected from CR-gas interactions: E2
νφνµ (Eν) '

1
2

E2
γφγ(Eγ)
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Tidal Disruption Events

• Stars torn apart by tidal forces in the vicinity of a supermassive black hole 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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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).
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[Meszaros’01]
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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.

104 105 106 107

Neutrino energy (GeV)

10-12

10-11

10-10

10-9

Pe
r-

Fl
av

or
 E

2
Φ
ν (

G
eV

 c
m
−

2
 s
−

1
 s

r−
1
)

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]

Appendix



Low-Luminosity Gamma-ray Bursts
• loop-hole: undetected low-luminosity γ-ray bursts (GRB)

[Murase & Ioka’13; Senno, Murase & Mészáros’16; Boncioli, Biehl & Winter’18]

• 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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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

• possible loop-holes:

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

• suppression of γ-ray cascades?
[Broderick, Chang & Pfrommer’12]
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