
Summary
Cosmogenic?
Auger Xmax -> ~10-10-10-9 GeV/cm2/s/sr
proton fraction can be constrained

Diffuse n sources?
pp scenarios can explain n, g & CR
-> ~3x10-9 GeV/cm2/s/sr at 100 PeV

Point Sources?
blazars (FSRQs) as UHECR sources 
especially for flares 

Transient Sources
Mergers, supernovae, GRBs, TDEs

Need 0.1-1 EeV n obs. w. <1-3�res.
First UHE n detection may be source n
Encouraging real-time EHE n alerts

Transients could be detected
by GRAND30k if lucky



High-Energy Cosmic Particle Backgrounds

gamma neutrino UHECR

non-blazar ankle

Diffuse fluxes are roughly comparable to a few x 10-8 GeV cm-2 s-1 sr-1



Testing the Grand-Unification Scenario for HE Cosmic-Ray Particles

• AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• escaping CR nuclei: harder than CR protons 
• smooth transition from source n to cosmogenic n

Fang & KM 18 Nature Physics

explaining >0.1 PeV neutrinos, sub-TeV gamma rays, and 
UHECRs (including proton ankle at 100 PeV & composition)

promising!



Testing AGN Jets as UHECR Accelerators
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Standard simplest jet models as UHECR accelerators: many constraints…
- Blazars: power-law CR spectra & known SEDs→ hard spectral shape

IC-79/86
IceCube 16 ApJ

from KM 1511.01590
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Testing AGN Jets as UHECR Accelerators
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Standard simplest jet models as the cosmic n origin: many constraints…
- Blazars: power-law CR spectra & known SEDs→ hard spectral shape
IceCube 9-yr EHE analyses give a limit of <10-8 GeV cm-2 s-1 sr-1 at 10 PeV
many existing models have been constrained!!

various diffuse n predictions
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(enhanced by BLR/IR photons)
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0.014% (3.6σ). Furthermore, the hypothesis that the two
events are of cosmogenic origin is rejected with a p value of
0.3%, because of the low observed deposited energy and
the absence of detected events at higher energy. However,
the observations are compatible with a generic astrophysi-
cal E−2 power-law flux with a p value of 92.3%. The
energy deposited and the zenith angles of the two observed
events are better described by a neutrino spectrum softer
than the spectrum of ≥ 108 GeV neutrinos, which experi-
ence strong absorption effects during their propagation
through the Earth. This observation allows us to set an
upper limit on a neutrino flux extending above 107 GeV.
The limits also are derived using the LLR method.
Cosmogenic neutrino models are tested by adding an
unbroken E−2 flux without cutoff as a nuisance parameter
to explain the observed two events.
The systematic uncertainties are estimated similarly to

the previous publication [27]. The primary sources of
uncertainty are simulations of the detector responses and
optical properties of the ice. These uncertainties are
evaluated with an in situ calibration system using a light
source and optical sensor sensitivity studies in the labo-
ratory. Uncertainties of þ13%

−42% and þ2%
−7% are estimated for the

number of background and signal events, respectively. In
addition, uncertainties of −11% are introduced to the
neutrino-interaction cross section based on CTEQ5 [64]
calculated as Ref. [65] and þ10% by the photonuclear
energy losses [66]. The uncertainty on the neutrino-
interaction cross section is from Ref. [67]. The uncertainty
associated with the photonuclear cross section is estimated
by comparing the current calculation with the soft-
component-only model. An uncertainty of þ34%

−44% associated
with the atmospheric background is also included. The
error is dominated by the experimental uncertainty of
cosmic ray (CR) spectrum measurements ("30%) [1,68],
theoretical uncertainty on the prompt flux calculation [37],
and the primary CR composition. All the resultant limits
presented in this Letter include systematic uncertainties.
Taking the maximally and minimally estimated background
and signal distributions in a 1σ error range by adding
systematic uncertainties in quadrature, each signal and
background combination results in an upper limit. The
weakest limit is taken as a conservative upper limit
including systematic uncertainties. The uncertainty is
energy dependent and, thus, it is model-spectrum-shape
dependent. Model-dependent limits are generally weak-
ened by ∼20% and ∼30% for cosmogenic and astrophysi-
cal-neutrino models, respectively.
Cosmogenic neutrinos.—We tested cosmogenic neutrino

models. Aside from the primary composition dependence,
the cosmogenic neutrino rates in the current analysis
depend significantly on the UHECR source evolution
function that characterize the source classes. Table I
represents the p values and associated 90% C.L. for
cosmogenic models. The models from Ref. [42] are

constructed in such a manner that the cosmogenic γ-ray
emission from the decays of π0 produced by the inter-
actions of UHECRs with the cosmic microwave back-
ground (CMB) is consistent with the Fermi-LAT
measurements of the diffuse extragalactic γ-ray background
[69,70]. Our constraints on these models imply that the
majority of the observed γ-ray background is unlikely to be
of cosmogenic origin.
Limits on cosmogenic neutrino models [53,54] using two

classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate
(SFR) [71], which is a generic measure of structure
formation history in the Universe, and the other is that of
FRII radio-loud AGN [72,73]. 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
γ-ray background [42,74,75]. The current analysis not only
strongly constrains the FRII-type but also begins 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. 2. When the primaries are heavy nuclei, photodisinte-
gration is more likely than pion production, hence the flux
of cosmogenic muon neutrinos is suppressed [53,76–79].
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FIG. 2. Model-dependent 90% confidence-level limits (solid
lines) for (upper panel) proton cosmogenic-neutrino predictions
(dashed lines) from Ahlers [42] and Kotera [53] and (lower
panel) astrophysical neutrino fluxes from AGN (BLR) models of
Murase [56] and Padovani (long dashes: Yνγ ¼ 0.8, short dashes:
Yνγ ¼ 0.3) [57], and the Fang pulsar model [59]. The range of
limits indicates the central 90% energy region. Two lines of the
Ahlers model represent different threshold energies of the
extragalactic UHECR component. The deviation of the Kotera
and Ahlers models below 108 GeV is due to different 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.
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Can Blazars Explain the IceCube Data?

Can blazars dominantly explain the IceCube data? – challenging
- Need a cutoff or steepening around a few PeV (ex. stochastic acceleration)
Can blazars dominantly explain the UHECR data? – maybe
- But the simultaneous explanation for the IceCube data is challenging

from KM 2015 



0.1-1 EeV Neutrino Transient Sources?

(ex. Atoyan & Dermer 01
Dermer, KM Inoue 14,
Petropoulou+ 15
Gao et al. 16)

AGN jet/blazar flares

Remember: UHECR accelerators are cosmic monsters

The Astrophysical Journal, 748:9 (10pp), 2012 March 20 doi:10.1088/0004-637X/748/1/9
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.
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ABSTRACT

We study how the properties of transient sources of ultra-high-energy cosmic rays (UHECRs) can be accessed by
exploiting UHECR experiments, taking into account the propagation of UHECRs in magnetic structures which
the sources are embedded in, i.e., clusters of galaxies and filamentary structures. Adopting simplified analytical
models, we demonstrate that the structured extragalactic magnetic fields (EGMFs) play crucial roles in unveiling
the properties of the transient sources. These EGMFs unavoidably cause significant delay in the arrival time of
UHECRs as well as the Galactic magnetic field, even if the strength of magnetic fields in voids is zero. Then,
we show that, given good knowledge on the structured EGMFs, UHECR observations with high statistics above
1020 eV allow us to constrain the generation rate of transient UHECR sources and their energy input per burst,
which can be compared with the rates and energy release of known astrophysical phenomena. We also demonstrate
that identifying the energy dependence of the apparent number density of UHECR sources at the highest energies is
crucial to such transient sources. Future UHECR experiments with extremely large exposure are required to reveal
the nature of transient UHECR sources.

Key words: cosmic rays – magnetic fields – methods: numerical

Online-only material: color figures

1. INTRODUCTION

The origin of ultra-high-energy cosmic rays (UHECRs) has
been a mystery for more than 40 years. The highest energy
cosmic rays (!1019 eV) are usually thought to be of extragalactic
origin, and various kinds of astrophysical objects have been
suggested as primary source candidates, including gamma-ray
bursts (GRBs; e.g., Waxman 1995; Vietri 1995; Murase et al.
2006, 2008a), newly born magnetars (Arons 2003; Murase
et al. 2009; Kotera 2011), active galactic nuclei (AGNs; e.g.,
Biermann & Strittmatter 1987; Takahara 1990; Norman et al.
1995; Farrar & Gruzinov 2009; Dermer et al. 2009; Pe’er
et al. 2009; Takami & Horiuchi 2011; Murase et al. 2011),
and structure formation shocks (e.g., Norman et al. 1995; Kang
et al. 1996; Inoue et al. 2007). Theoretically, UHECR sources
are expected to be powerful enough. For cosmic-ray accelerators
associated with an outflow, the Hillas condition (Hillas 1984)
can be rewritten in terms of the isotropic luminosity L as
(e.g., Blandford 2000; Waxman 2004; Farrar & Gruzinov 2009;
Lemoine & Waxman 2009)

LB ≡ ϵBL ! 2 × 1045 Γ2E20
2

Z2β
erg s−1, (1)

where ϵB , Z, Γ, β, and E20 = E/1020 eV are a fraction of
magnetic luminosity to the total luminosity, the nuclear mass
number of cosmic rays, the bulk Lorentz factor of the outflow,
the velocity of a shock or wave in the production region in
the unit of speed of light, and the energy of cosmic rays,
respectively. Among known candidates, few steady sources
such as Fanaroff–Riley (FR) II galaxies seem to satisfy this
condition in the local universe for Z = 1, which is inconsistent
with the observed anisotropy as long as UHECRs are protons
(e.g., Takami & Sato 2009). Also, Zaw et al. (2009) argued that

the power of AGNs correlating with detected UHECRs seems
insufficient to produce UHECR protons. The above luminosity
requirement can be satisfied, however, if UHECRs are generated
by powerful transient phenomena like AGN flares, GRBs, and
newly born magnetars even if they are protons (e.g., Farrar &
Gruzinov 2009; Dermer et al. 2009; Lemoine & Waxman 2009).

The other possible astrophysical solution is to consider that
heavy nuclei dominate over protons, where the required lumi-
nosity is reduced by Z2 and therefore more objects are allowed
to be UHECR sources. Indeed, the heavy-ion-dominated com-
position has been implied by recent results of the Pierre Auger
Observatory (PAO; Abraham et al. 2010a). If this is the case,
only a few nearby radio galaxies or even a single AGN such
as Cen A may contribute to the observed UHECR flux (e.g.,
Gorbunov et al. 2008). Other sources, including radio-quiet
AGNs (Pe’er et al. 2009) and GRBs (Murase et al. 2008a;
Wang et al. 2008), are also viable. The absence of anisotropy at
∼1020eV/Z may imply high abundance of nuclei (Lemoine &
Waxman 2009; Abreu et al. 2011) even at the lower energies,
the origin of which is unclear. On the other hand, the PAO data
on the fluctuation of Xmax seem difficult to reconcile with the
Xmax distribution of the same data (Anchordoqui et al. 2011),
and proton composition may be possible with a different estima-
tor of primary composition (Wilk & Wlodarczyk 2011). Also,
the High Resolution Fly’s Eye (HiRes) has claimed proton-
dominated composition even above 1019 eV (Abbasi et al. 2010).
There are different arguments and the UHECR composition
has not been settled experimentally. Proton composition seems
possible at present.

If UHECR sources are transient, that is, the source activity is
shorter than the dispersion of the arrival time produced by cos-
mic magnetic fields during propagation, the direct identification
of UHECR sources by UHECR observations is a more difficult
task than that for steady sources due to the delay of the arrival

1

UHECR acceleration may be transients! 

PeV-EeV n PeV-EeV n

(ex. KM 08, Wang+ 11, 
Wang et al. 16
Senno, KM &   
Meszaros 17)

Tidal disruption events

long GRBs magnetars short GRBs
NS mergers

EeV n
GW source

TeV-EeV n
GW source

TeV-PeV n (prompt)
EeV n (afterglow)

GW source
(ex. Waxman & Bahcall 97, 01

KM & Nagataki 06)

(ex KM, Meszaros & Zhang 09
Kotera 11, Fang et al. 14
Fang & Metzger 17)

(ex Kimura, KM et al. 17
Kimura, KM et al. 18)



GW170817: supporting the NS merger origin of short GRBs 

Neutrinos Coinciding w. Gravitational Waves?

• GW170817: off-axis (~30 deg): the models are still consistent

• On-axis events coinciding w. GW signals could be seen

(see Figure 1). We used this non-detection to constrain the
neutrino fluence (see Figure 2) that was computed as in Adrián-
Martínez et al. (2016a).

The search over 14 days is restricted to up-going events, but
includes all neutrino flavors (tracks and showers). We applied
quality cuts optimized for point-source searches that give a
median pointing accuracy of 0°.4 and 3°, respectively, for track
and shower events(Albert et al. 2017b). No events spatially
coincident with GRB 170817A were found.

Compared to the upper limits obtained for the short time
window of ±500 s, those limits are significantly less stringent
above 1 PeV, where the absorption of neutrinos by the Earth
becomes important for up-going events. Below 10TeV, the
constraints computed for the 14 day time window are stricter due
to the better acceptance in this energy range for up-going neutrino
candidates compared to down-going events (see Figure 2).

2.2. IceCube

IceCube is a cubic-kilometer-size neutrino detector(Aartsen
et al. 2017) installed in the ice at the geographic South Pole in
Antarctica between depths of 1450 m and 2450 m. Detector
construction was completed in 2010, and the detector has
operated with a ∼99% duty cycle since. IceCube searched for
neutrino signals from GW170817 using two different event
selection techniques.

The first search used an online selection of through-going
muons, which is used in IceCube’s online analyses (Aartsen
et al. 2016; Kintscher & The IceCube Collaboration 2016) and
follows an event selection similar to that of point source
searches (Aartsen et al. 2014a). This event selection picks out
primarily cosmic-ray-induced background events, with an
expectation of 4.0 events in the northern sky (predominantly
generated by atmospheric neutrinos) and 2.7 events in the
southern sky (predominantly muons generated by high-energy
cosmic rays interactions in the atmosphere above the detector)
per 1000 s. For source locations in the southern sky, the
sensitivity of the down-going event selection for neutrinos
below 1 PeV weakens rapidly with energy due to the rapidly

increasing atmospheric muon background at lower energies.
Events found by this track selection in the ±500 s time window
are shown in Figure 1. No events were found to be spatially and
temporally correlated with GW170817.
A second event selection, described in Wandkowski et al.

(2017), was employed offline. This uses the outermost optical
sensors of the instrumented volume to veto incoming muon
tracks from atmospheric background events. Above 60 TeV, this
event selection has the same performance as the high-energy
starting-event selection(Aartsen et al. 2014b). Below this
energy, additional veto cuts similar to those described in Aartsen
et al. (2015) are applied, in order to maintain a low background
level at energies down to a few TeV. Both track- and cascade-
like events are retained. The event rate for this selection varies
over the sky, but is overall much lower than for the online track
selection described above. Between declinations −13° and
−33°, the mean number of events in a two-week period is 0.4 for
tracks and 2.5 for cascades. During the ±500 s time window, no
events passed this event selection from anywhere in the sky.
A combined analysis of the IceCube through-going track

selection and the starting-event selection allows upper limits to be
placed on the neutrino fluence from GW170817 between the
energies of 1 TeV and 1 EeV, as shown in Figure 2. In the central
range from 10 TeV to 100 PeV, the upper limit for an E 2- power-
law spectral fluence is F E E0.19 GeV GeV cm2 1 2= - - -( ) ( ) .
Both the through-going track selection and the starting-event

selection were applied to data collected in the 14 day period
following the time of GW170817. Because of IceCube’s
location at the South Pole and 99.88% on-time during the 14
day period, the exposure to the source location is continuous
and unvaried. No spatially and temporally coincident events
were seen in either selection during this follow-up period. The
resulting upper limits are presented in Figure 2. At most
energies these are unchanged from the short time window. At
the lowest energies, where most background events occur, the
analysis effectively requires stricter criteria for a coincident
event than were required in the short time window; the limits
are correspondingly higher. In the central range from 10 TeV to

Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization (red contour; Abbott et al. 2017b),
direction of NGC 4993 (black plus symbol; Coulter et al. 2017b), directions of IceCube’s and ANTARESʼs neutrino candidates within 500 s of the merger (green crosses and
blue diamonds, respectively), ANTARESʼs horizon separating down-going (north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and
Auger’s fields of view for Earth-skimming (darker blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and
southern hemispheres, respectively. The zenith angle of the source at the detection time of the merger was 73°. 8 for ANTARES, 66°.6 for IceCube, and 91°.9 for Auger.
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100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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theoretical models

short GRB jets (Kimura, KM, Meszaros & Kiuchi 17)

magnetar in the ejecta (Fang & Metzger 17)

(see also KM, Zhang & Meszaros 09)

ANTARES, IceCube, Auger, & LIGO-Virgo ApJL 17
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Neutrinos from Magnetars and Fast-Spinning Neutron Stars

- Ion acceleration (<~10% ) has been speculated
- Efficient n production must occur due to interactions w. ejecta/photons
- n signals arrive earlier -> “n alerts” will be followed by a supernova

KM, Meszaros & Zhang 09 PRD

(ex. Blasi et al. 00, Arons 03)

fluence at 5 Mpc
~ 1 GeV/cm2

Recent developments:
- Possible to explain the UHECR data including Xmax
- Similar spectrum for NS merger ejecta (but rarer)

NS

envelope

shock

wind
bubble

(Fang et al. 13)
(Fang & Metzger 17)



IceCube 170922A & TXS 0506+056

- EHE alert pipeline: from the Chiba group
- Automatic public alert: through AMON

Track w. En ~ 300 TeV
(ang. res. < 1 deg)

- Kanata -> Fermi analysis (Tanaka et al.)
ATel #10791 (Sep/28/17) 

image

//////////////////////////////////////////////////////////////////////
TITLE:            GCN/AMON NOTICE
NOTICE_DATE:      Fri 22 Sep 17 20:55:13 UT
NOTICE_TYPE:      AMON ICECUBE EHE 
RUN_NUM:          130033
EVENT_NUM:        50579430
SRC_RA:            77.2853d {+05h 09m 08s} (J2000),
                   77.5221d {+05h 10m 05s} (current),
                   76.6176d {+05h 06m 28s} (1950)
SRC_DEC:           +5.7517d {+05d 45' 06"} (J2000),
                   +5.7732d {+05d 46' 24"} (current),
                   +5.6888d {+05d 41' 20"} (1950)
SRC_ERROR:        14.99 [arcmin radius, stat+sys, 50% containment]
DISCOVERY_DATE:   18018 TJD;   265 DOY;   17/09/22 (yy/mm/dd)
DISCOVERY_TIME:   75270 SOD {20:54:30.43} UT
REVISION:         0
N_EVENTS:         1 [number of neutrinos]
STREAM:           2
DELTA_T:          0.0000 [sec]
SIGMA_T:          0.0000e+00 [dn]
ENERGY :          1.1998e+02 [TeV]
SIGNALNESS:       5.6507e-01 [dn]
CHARGE:           5784.9552 [pe]
SUN_POSTN:        180.03d {+12h 00m 08s}   -0.01d {-00d 00' 53"}
SUN_DIST:         102.45 [deg]   Sun_angle= 6.8 [hr] (West of Sun)
MOON_POSTN:       211.24d {+14h 04m 58s}   -7.56d {-07d 33' 33"}
MOON_DIST:        134.02 [deg]
GAL_COORDS:       195.31,-19.67 [deg] galactic lon,lat of the event
ECL_COORDS:        76.75,-17.10 [deg] ecliptic lon,lat of the event
COMMENTS:         AMON_ICECUBE_EHE.  
 
 

- X-ray observations were first reported    
by the AMON team from Penn State

- Swift observations (Keivani et al.) 
GCN #21930, ATel #10942 (Sep/26/17) 

- NuSTAR observations (Fox et al.)
ATel #10861 (Oct/12/17)

IceCube 2018 Science 
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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Blazar Flares?

Association w. three HESEs at PeV?
- Low significance (~2s)
for the 2 PeV event w. a FSRQ, 
PKS B-1424-418 (z=1.522)

- Association w. a HESE event can be 
explained if Lg~Ln

Figure 14 Event display showing Big Bird, with 378 optical modules hit. Each sphere shows
a hit optical module. The size of the spheres shows the number of photoelectrons observed by
the DOM, while the color indicates the time, with red being earliest, and blue latest. Figure
courtesy of the IceCube Collaboration.

rays, including the watershed discoveries of antimatter, the pion, the muon, the kaon, and
several other particles. In this article, we have both reviewed the nascent field of cosmic
neutrino astronomy and considered some of the potential ways CR science will once again
point the way in the quest to understand Nature at its most fundamental.
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Fermi-LAT might be due to a low exposure of the ICECUBE
region during the AGILE gamma-ray transient.

At the time of the neutrino event T0, the INTEGRAL satellite,
which also has the capability to cover almost the whole
sky(Savchenko et al. 2016), was not observing because it was
close to perigee inside the Earth radiation belts.

The ICECUBE region was also observed in the VHE band
by several experiments (see Table 4). Apart from HAWC,
which has a 24-hr duty cycle, all the others could repoint to the
ICECUBE position hours after T0, reporting only flux ULs
above different energy thresholds. During a search for a steady
source using archival data, the HAWC Collaboration reported a
location with a pre-trial significance of 3.57σ at R.A., decl.
(J2000)=(216.43, 0.15) (deg)(Taboada 2016); shown as a
cyan cross in Figure 4), although it was more than 2° away
from the neutrino error circle. Considering the number of trials
quoted in the HAWC GCN, this is not a significant detection.

5. Possible Neutrino-emitter e.m. Sources in the ICECUBE-
160731 and AGILE AGL J1418+0008 Error Regions

In what follows, we will further investigate whether some of
the steady/transient sources found during the MWL follow-up
are good candidates as the ICECUBE-160731 emitter. In
particular, we decided to review only the e.m. sources still
within the revised ICECUBE error region, plus the closest
optical transient detected by iPTF48 (named iPTF16elf,
Singer et al. 2016; see Figure 4). Table 1 shows the main
characteristics of the five e.m. sources satisfying the chosen
selection criteria. The table also shows the most likely known
association as reported from each of the ATel announcing the
detection obtained during the follow-up.
To find some of the key features of one of the most

promising neutrino-emitter candidates, high-energy peaked BL
Lac (HBL) AGNs(Padovani et al. 2016; Resconi et al. 2017),

Figure 4. AGILE-GRID intensity map in - - -( )ph cm s sr2 1 1 zoomed-in around the ICECUBE-160731 position, in the time interval - -( )T T1.8; 0.80 0 days. The
black and white circles again show, respectively, the 90% c.r. of the ICECUBE event and the 95% C.L. contour of the AGILE-GRID detection AGL J1418+0008. The
figure also shows the positions of several e.m. candidates found during the MWL follow-up. Cyan cross: HAWC best archival search result(Taboada 2016); blue
crosses: the six SWIFT-XRT sources reported in Evans et al. (2016a, 2016b); yellow boxes: two optical sources (one steady, one transient) detected by the Global
MASTER net (Lipunov et al. 2016a, 2016b); magenta diamonds: two optical transients detected by iPTF P48(Singer et al. 2016); black point: the X-ray source 1RXS
J141658.0−001449, which appears within both error circles, and is one of the best neutrino-emitter candidates found in the additional search made with the ASDC
tools described in the text.

Table 1
Optical and X-Ray Sources Detected within the Revised ICECUBE-160731 Error Circle during the MWL Follow-up

Mission/Observatory Source ID/namea R.A. (J2000) Decl. (J2000) Association Class
(deg) (deg)

SWIFT-XRT (ATel #9294) XRT #2 214.90209 −1.145917 2QZ J141936.0−010841 quasar
SWIFT-XRT (ATel #9294) XRT #5 214.95898 −0.11266 2QZ J141949.8-000644 quasar
SWIFT-XRT (ATel #9294) XRT #6 214.61169 0.24144 2MASS J14182661+0014283 star
Global MASTER net (ATel #9298) OT J142038.73−002500.1b 215.161375 −0.416694 SDSS J142041.62−002413.1 galaxy
iPTF P48 (GCN 19760) iPTF16elf 213.555124 −0.894361 Z 18–88 galaxy

Notes.
a See Figure 4.
b The astrophysical origin of this transient is not confirmed.
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- IceCube-160731 
public alert sent by AMON

- AGILE detection of g-ray counterpart
w. an excess significance of 4s(?)

- 1RXS J141658.0−001449 (HSP)
w. ~1-2 day delay

- Fg(>0.1GeV) ~ 3x10-7 GeV cm-2 s-1

Flares: NOT well-constrained: good chances to see them (ex. KM & Waxman 16)

Lucarelli+ 17 ApJ



GRB Neutrino Afterglows

AG protons + AG opt-x rays 
stellar wind medium

(normalized by UHECR budget)

Inner jet protons + flare x rays
(normalized by 10% of UHECR budget)

KM & Nagataki 06 PRL, KM 07 PRD

AG protons + AG opt-x rays 
interstellar medium

(normalized by UHECR budget)

UHECRs may be accelerated during the afterglow phase 
More important than prompt contribution at 0.1-1 EeV (less pion cooling) 

• Not constrained by IceCube limits on prompt: UHE n detectors are necessary 
• Fluence at z=0.1: ~0.1-1 GeV/cm2, GRB rate within z=0.1 is ~0.1-0.3/yr
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Keivani, KM, Petropoulou, Fox et al. 2018 • Swift-UVOT/X-
SHOOTER, Swift-
XRT/NuSTAR, and 
Fermi-LAT data

• UVOT/X-SHOOTER
npk<1014 Hz (ISP - LSP)

• g = p-induced cascade 
Fn ~ Fg: ruled out 

• g = p-syn. from UHECRs
very low Fn at 0.1-1 PeV
Pp < 1044 erg/s

• IC-170922A event 
CANNOT be explained 

“cascade”
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• Swift-UVOT/X-

SHOOTER, Swift-
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• UVOT/X-SHOOTER
npk<1014 Hz (ISP - LSP)

• Leptonic scenario
g = external IC emission

• Upper limits on n & CR
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Pp < 1045 erg/s
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for a duration of T=107 s
~< 1-3 % to see 1 event

“two hump”
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neutrino flares: brighter during the flare phase fpg ∝ Lg Lcr ∝ Lg
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Fig. 4. The luminosity spectrum of neutrinos of all flavors from an FSRQ with 
δD = Γ = 30, using parameters of a flaring blazar given in Table 1. The radia-
tion fields are assumed isotropic with energy densities uBLR = 0.026 erg cm−3 for 
the BLR field, uIR = 0.001 erg cm−3 for the graybody IR field. For the scattered 
accretion-disk field, τsc = 0.01 is assumed. The proton spectrum is described by 
a log-parabola function with log-parabola width b = 1 and principal Lorentz factor 
γpk = Γ γ ′

pk = 107.5. Separate single-, double- and multi-pion components compris-
ing the neutrino luminosity spectrum produced by the BLR field are shown by the 
light dotted curves for the photohadronic and β-decay neutrinos. Separate compo-
nents of the neutrino spectra from photohadronic interactions with the synchrotron, 
BLR, IR, and scattered accretion-disk radiation are labeled.

Fig. 5. Total luminosity spectra of neutrinos of all flavors from model FSRQs with 
parameters as given in Fig. 4, except as noted. In curve 1, parameters of a quiescent 
blazar from Table 1, with γpk = 107.5, are used. Curves 2–6 use parameters for a 
flaring blazar as given in Table 1. In curves 2, 3, and 4, γpk = 107.5, 107, and 108, 
respectively. Curves 5 and 6 use the same parameters as curve 2, except that b = 2
and b = 0.5, respectively.

Comparisons between luminosity spectra of neutrinos of all 
flavors for parameters corresponding to the quiescent phase of 
blazars, and for different values of γpk and b, as labeled, are shown 
in Fig. 5. As can be seen, the low-energy hardening in the neutrino 
spectrum below ≈ 1 PeV is insensitive to the assumed values of 
γpk and b.

6. Discussion

We have calculated the efficiency of neutrinos produced by 
photohadronic interactions of protons with internal and external 
target photons in black-hole jet sources. Neutrino spectra were 
calculated semi-analytically for the chosen parameters. After sum-
marizing (1) data from IceCube motivating this study, we discuss 
(2) the UHECR/neutrino connection, (3) particle acceleration in jets, 

and (4) the contributions of FSRQs and blazars to the diffuse neu-
trino background.

6.1. Extragalactic neutrinos with IceCube

The IceCube Collaboration has reported compelling evidence 
for the first detection of high-energy neutrinos from extragalac-
tic sources. The sources of the neutrinos remain unknown. Candi-
date astrophysical sources include powerful γ -ray sources such as 
blazars, GRBs, and young pulsars or magnetars. Other possibilities, 
e.g., structure formation shocks and star-forming galaxies, are not 
excluded. Here we have argued that FSRQs are ! 1 PeV neutrino 
sources.

IceCube searches have not, however, found statistically com-
pelling counterparts by correlating neutrino arrival directions and 
times with pre-selected lists of candidate neutrino point sources, 
including FSRQs. An early search (Abbasi et al., 2009) using 
22-string data over 276 days live time found no significant ex-
cess other than 1 event associated with PKS 1622-297. Upper 
limits for an E−2 neutrino spectrum from candidate γ -ray emit-
ting AGNs were at the level of ≈ 1.6 × 10−12Φ90 erg cm−2 s−1, 
15 " Φ90 " 600, for neutrinos with energies Eν from ≈ 100 TeV
to ≈ 100 PeV. The upper limit for 3C 279 was a factor ! 30 above 
model predictions (Reimer, 2009; Atoyan and Dermer, 2001).

Improved point-source searches in 22-string and 40-string 
configurations during 2007–2009 were reported for both flaring 
and persistent sources in Abbasi et al. (2012). Recent 86-string 
data taken over 1373 days live time give IceCube limits of
≈ 10−12 erg cm−2 s−1 for 1 TeV " Eν " 1 PeV in the northern 
sky, and ≈ 10−11 erg cm−2 s−1 for 100 TeV " Eν " 100 PeV in the 
southern sky (IceCube Collaboration, 2014a).

Source γ -ray fluxes provide an upper limit to the neutrino flux 
because the decay of π0 and π± formed in photopion process will 
produce secondaries that initiate γ -ray cascades that cannot over-
produce the measured γ -ray fluxes. The brightest γ -ray blazars, 
namely 3C 279, 3C 273, and 3C 454.3, have average > 100 MeV
fluxes at the level of ≈ few ×10−11 erg cm−2 s−1 (Abdo et al., 
2009). These limits rule out a hypothetical blazar model where the 
γ rays are entirely associated with photohadronic processes, but 
the success of leptonic models for blazar γ radiation (Böttcher et 
al., 2012) means that only a small fraction of the high-energy radi-
ation from blazars can be hadronically induced. Particular interest 
for neutrino counterpart association attaches to unusual very-high 
energy (VHE; ! 100 GeV) flaring episodes in FSRQs, such as 3C 
279 (MAGIC Collaboration, 2008) and PKS 1222 + 216 (Aleksić 
et al., 2011). Furthermore, analysis of associations between GeV–
TeV sources and IceCube neutrino arrival directions finds counter-
part TeV BL Lac objects and pulsar wind nebulae (Padovani and 
Resconi, 2014). In principle, two-zone models for these objects 
could achieve the required flux (Tavecchio et al., 2014) by adjust-
ing the cosmic-ray spectral index and cutoff energy to appropriate 
values, but one has to take into account contributions from FSRQs 
for a detailed comparison.

6.2. UHECR/high-energy neutrino connection

High-energy neutrino sources are obvious UHECR source candi-
dates, though production of PeV neutrinos requires protons with 
energies of “only” E p ∼= 1016–1017 eV. The close connection be-
tween neutrino and UHECR production implies the well-known 
Waxman–Bahcall (WB) bound on the diffuse neutrino intensity 
at the level of ∼ 3 × 10−8 GeV/cm2-s-sr (Waxman and Bahcall, 
1999), and the similarity of the IceCube PeV neutrino flux with 
the WB bound has been noted (Waxman, 2013). Nevertheless, our 
results show that the relationship between the diffuse neutrino 
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GRAND can constrain cutoff energy and test the blazar-UHECR hypothesis



Summary
Cosmogenic?
Auger Xmax -> ~10-10-10-9 GeV/cm2/s/sr
proton fraction can be constrained

Diffuse n sources?
pp scenarios can explain n, g & CR
-> ~3x10-9 GeV/cm2/s/sr at 100 PeV

Point Sources?
blazars (FSRQs) as UHECR sources 
especially for flares 

Transient Sources
Mergers, supernovae, GRBs, TDEs

Need 0.1-1 EeV n obs. w. <1-3�res.
First UHE n detection may be source n
Encouraging real-time EHE n alerts

B Ultra-high-energy neutrinos

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

D
L,max

[z
max

]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max

,
the photon flux from the source ��,min

required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance D

L,max

—
or redshift z

max

— from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-834

ergy E coming from sources located at a distance L then,835

nominally, it could probe new physics with exquisite sen-836

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.837

This is an enormous improvement over current limits of838



0

. 10�32 EeV and 

1

. 10�33, obtained with atmo-839

spheric and solar neutrinos [91, 92]. This holds even if the840

di↵use neutrino flux is used instead, since most of the con-841

tributing sources should anyway lie at distances of Gpc.842

New physics manifests via, at least, three observables:843

Spectral shape: Neutrino spectra are expected to be844

power laws in energy. New physics could introduce845

additional spectral features, like peaks, troughs, and846

varying slopes. Possibilities include neutrino decay847

[93–95], secret neutrino interactions [96–100], and848

scattering o↵ dark matter [101–103].849

In GRAND, detection of EeV neutrinos with large850

statistics and shower energy resolution of ⇠15% (see851

Section IVD) would allow to bin detected neutrinos852

finely in energy and potentially identify sub-dominant853

features introduced by new physics, or to discover854

their energy dependence [94, 95, 104–106].855

Angular distribution: When neutrinos travel inside the856

Earth, the neutrino-nucleon cross section imprints857

itself on the distribution of their arrival directions.858

This has allowed to measure the cross section up to859

PeV energies in IceCube [107, 108]. EeV neutrinos860

could extend the measurement even more. Further,861

we can look for deviations due to enhanced neutrino-862

nucleon interactions [109–111] and interactions with863

high-density regions of dark matter [102, 112]. With864

a pointing accuracy of ⇠ 0.05�, GRAND would be865

able to precisely reconstruct the distribution of ar-866

rival directions.867

Flavor composition: Flavor ratios — the proportion of868

each neutrino flavor in the incoming flux — are869

free from uncertainties on the flux normalization870

and so could provide clean signals of new physics871

[94, 105, 106, 111, 113–135]. Possibilities include neu-872

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–873

144], Lorentz-invariance violation [86, 87, 114, 120,874

145, 146], coupling to a torsion field [147], active-875

sterile neutrino mixing [135], pseudo-Dirac neutrinos876

[94, 122, 148], renormalization-group running of mix-877

ing parameters [149], and interaction with dark mat-878

ter [103, 150] or dark energy [151].879

GRAND will be sensitive mostly to ⌫⌧ (see Section880

??). Other EeV-neutrino experiments — ARA, ARI-881

ANNA, ANITA — are sensitive to neutrinos of all fla-882

vors, though they are unable to distinguish between883

them (however, see Refs. [152, 153]). If neutrinos884

are detected in GRAND and in one of the other ex-885

periments, combining their data would yield the tau886

flavor ratio at EeV energies.887

Ultimately, the ability of GRAND to probe fundamental888

physics at the EeV scale will depend on the level of the889

cosmogenic neutrino flux. If the flux is low, probing new890

physics will be challenging. On the other hand, with a flux891

high enough to yield hundreds of events, we would be able892

to probe fundamental physics in a completely novel regime.893

4 Sensitivity to neutrinos894

Results in this section were obtained using a preliminary895

simulation that has a simplified treatment of the process896

of radio emission. A full, end-to-end simulation chain, in897

preparation, is expected to produce results in early 2018.898

a. Simulation procedure899

900

The simulation considered an antenna array covering a901

square area of 60 000 km2, located in the Tian Shan moun-902

tain range, centered on the TREND site (86�44’E, 42�57’903

N). The separation between antennas is 800 m.904

Figure 13 shows the topographic map of the site, interpo-905

lated from a 200 m-step elevation map derived from public906

NASA satellite data [154].907

We simulate incoming ⌫⌧ with energies E⌫ between 108–908

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth909

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),910

we generate a number n

gen

of random neutrino trajecto-911

ries, until 100 air showers with energy E

sh

> 107 GeV are912

within the simulated area. We track the one-dimensional913

evolution of the neutrino trajectories in a simplified man-914

ner, as detailed in Section ??.915

When a ⌫⌧ interacts in rock, via DIS, it produces an out-916

going tau. We use the neutrino interaction lengths in rock917

from Ref. [33] to calculate the energy-dependent interaction918
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Galactic-Extragalactic Transition
What is the B-component? 
Extragalactic CRs appear around 1017 eV?

A&A proofs: manuscript no. CR_paper_final

∼ 7×108 GeV. The variation in the injection energy of WR-
CRs remain within 6% between the three models. In Figure
9, spectra of five different mass groups are also shown. The
elemental fraction of these mass groups are shown in Figure
10.
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Fig. 9. All-particle spectrum for the three different models of
EG-CRs – Minimal (Top), PCS (middle), and UFA (bottom) –
combined with the WR-CR (C/He = 0.4) model for the addi-
tional Galactic component. SNR-CR spectra shown are the same
as in Figure 6 (bottom). Data are the same as in Figure 2. For
results using WR-CR (C/He = 0.1) model, see Appendix B.
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Fig. 10. Elemental fraction of the five different mass groups
shown in Figure 9 for the three different EG-CR models: mini-
mal (top), PCS (middle), and UFA (bottom), combined with the
WR-CRs (C/He = 0.4) model for the additional Galactic com-
ponent. Results obtained using WR-CR (C/He = 0.1) model are
given in Appendix B.

In Figure 11, we show ⟨lnA⟩ predicted by the three EG-
CRs model after adding the Galactic contribution. At en-
ergies between ∼ 3 × 108 GeV and 3 × 109 GeV, the mini-
mal model shows a bump that follows the trend of LOFAR
and the data from other experiments, but contradicts the
composition data from the Pierre Auger Observatory at
∼ 109 GeV. The UFA model over predicts the data above
the ankle as the model is also tuned to the variance of ⟨lnA⟩,
but it is well within the systematic uncertainties (experi-
mental as well as theoretical) as discussed in Unger et al.
(2015). The sharp feature present just above 109 GeV in
the PCS model is due to the dip in the proton spectrum
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

(Figure 9, middle panel, black-thin-solid line) that results
from the intersection of the components from galaxy clus-
ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition re-
gion from Galactic to extra-galactic cosmic rays. A clear
distinction between the models would be possible from a
detailed measurement of the five major mass groups shown
in Figure 10, in which they all have their characteristic ‘fin-
gerprint’: for example, around 109 GeV the minimal model
is dominated by the CNO group, the PCS model by helium,
and the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2). The main results and the parameter values of the dif-
ferent models discussed in the present work are summarised
in Table 4.

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and

(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-
tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g. Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium domi-
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Composition-Deterministic Models

lcoh, Bcoc). Next, we estimate the UHECR luminosity and
their composition ratio.
CR densities in radio galaxies are highly uncertain. Here,

we assume that the proton CR densities are comparable to
that in our Galaxy. While the star-formation rate of
elliptical galaxies may be lower than that of star-forming
galaxies by a factor of 3–10 [71,72], this uncertainty is
easily absorbed by uncertainties in the other parameters.
The GCR density inside the CR halo of Hh ∼ 5 kpc [59]
can be expressed as

ni;d ¼ Ki

!
Ei;inj

TeV

"−αiþ1

exp
!
−

Ei;inj

ZiPeV

"
: ð7Þ

Here, CR species are grouped as i ¼ H, He, C–O, Ne–Al,
Si–K, Ca–Mn, Fe. Their effective charge Zi and atomic
mass Ai are Zi ¼ 1, 2, 7, 11, 15, 23, 26 and Ai ¼ 1, 4, 14,
23, 30, 49, 56, respectively. We use the observed values at
E ∼ 1 TeV for the normalization of each component:KH ¼
3.6 × 10−15 cm−3 and Ki=KH ≃ 1, 0.65, 0.33, 0.17, 0.14
0.072, 0.23 [73,74]. In the galactic disk, the proton has a
softer index than the others [73–76], αH ≃ 2.7 and αi≠H ≃
2.6 [77]. In addition, we increase the abundance of nuclei
heavier than He by factor of 3 from the value above because
most of the radio galaxies have more metals than the
Galaxy due to their past star formation activities [79,80].
The number of swept-up particles of species i by the time

when ljet ¼ Hh is simply given by 2πR2
cocHhni;d, and we

assume that only the fraction, R2
jet=R

2
coc, is injected into

shear acceleration. Thus, the time-integrated number of
injected GCRs is written as Ni;inj ≈ 2πR2

jetHhni;d. The
swept-up particles of λi;sl < Rsl are accelerated by the
continuous shear that is ineffective to produce high-energy
CRs (see Sec. II B). Only the particles of λi;sl > Rsl can be
injected to the discrete shear acceleration process. Setting
λi;sl ¼ Rsl, the injection energy is given by
Ei;inj ≈ EcohðRsl=lcohÞ3 ∼ 15Zi TeV. Here, we use λi;sl ∼
λi;coc and Rsl ∼ 0.01Rjet ∼ 5 pc. The injected CRs are
accelerated until the adiabatic cooling is effective, tad ≈
Rcoc=vexp ∼ 1.6 Myr (where vexp ∼ 3000 km s−1 [68]). The
time-averaged injection rate of GCRs of species i to shear
acceleration is estimated to be

_Ni;inj ≈
Ni;inj

tad
≈
2πR2

jetHhni;d
tad

: ð8Þ

Renormalizing the simulation input by the injection rate,
we obtain the differential luminosity of UHECRs, LUHECR.
The CR luminosity density at 1019.5 eV is 0.6×
1044 ergMpc−3yr−1 (e.g., [33]), and the number
density of FR Is is roughly ∼10−5–10−4Mpc−3 [81,82].
Thus, LUHECR∼2×1040–2×1041 ergs−1 is required. Our
model can satisfy this requirement, as shown in
Fig. 3. Also, our model can avoid anisotropy constraints
at E ∼ 10 EeV [83] owing to the high source

number density with the heavy composition. The
relative abundance ratio at the same rigidity is
estimated to be ðfH;fHe;fC−O;fNe−Al;fSi−K;fCa−Mn;fFeÞ¼
ð0.73;0.21;0.042;0.011;0.0053;0.0014;0.0037Þ. Note that
we cannot freely change the abundance ratio among heavy
nuclei as well as the intrinsic spectral index, because they
are determined by the shear acceleration mechanism and
observed abundance of galactic CRs.

B. Comparison with observations

We calculate the propagation of the UHECRs from the
sources to the Earth using CRPROPA 3 [84,85]. The code
includes the photomeson production, the photodisintegra-
tion, and the electron-positron pair production through the
cosmic microwave background and extragalactic back-
ground light (EBL). The nuclear decay process is also
included. We use the EBL model of [86], and assume that

FIG. 4. The observed spectrum (upper panel), hXmaxi (middle
panel), and σðXmaxÞ (lower panel) of the UHECRs at the Earth.
The data of PAO and TA are taken from [13–15].
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dNA0

dE0 ¼ fA0N0

!
E0

ZE0

"−sesc
exp

!
−

E0

ZE0
p;max

"
; ð9Þ

where sesc is the spectral index of the escaping cosmic rays
and E0 ¼ 1018 eV is used in this work. However, the
spectrum of escaping UHECRs depends on details of the
escape mechanism. To demonstrate that our model can
work for power-law spectra, we consider the case of
sesc ¼ 0.5. This could be achieved if the spectrum of
accelerated cosmic rays is sacc ¼ 1.5, which is expected
by the first order Fermi acceleration mechanism in the
large angle scattering limit (e.g., [103]) or by magnetic
reconnections (e.g., [104]). See Fig. 15.
So far, we only showed the LL GRB contribution. For

the purpose of demonstrating the HL GRB contribution, in

Fig. 16, we show the case with the HL GRB contribution
assuming the proton composition for the HL GRBs and the
LL GRB duration 200 times longer than the HL GRB
duration. The main results are unaffected with the lumi-
nosity function used in this work. If the composition for the
HL GRBs is proton-dominated, the model predicts that the
composition changes at the highest energies, ∼1020.2 eV.
For a given ratio of LL GRBs to HL GRBs, the HL GRB
contribution shown here may be optimistic. In reality,
for HL GRBs, the maximum energy of protons would
be reduced by energy loss processes. Also, if the jet
composition is dominated by nuclei, the maximum energy
of UHECR nuclei can be lower due to the photodisinte-
gration process. Note that for HL GRBs nuclei are likely to
be destroyed at the jet base in the fireball model, so

FIG. 12. Same as Fig. 9 but for model Si-R 2. The maximum
acceleration energy is ZE0

p;max ¼ 1018.2ZLγiso;47
1=2 eV and

δE ¼ 0.14.

FIG. 13. Same as Fig. 9 but for model Si-R 3. The maximum
acceleration energy is ZE0

p;max ¼ 1018.2ZLγiso;47
1=2 eV and

δE ¼ 0.14.
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents extra-galactic
cosmic rays (EG-RSB93) taken from Rachen et al. (1993), and the thick solid red line represents the total all-particle spectrum.
The thin lines represent total spectra for the individual elements. For the SNR-CRs, an exponential energy cut-off for protons at
Ec = 3× 106 GeV is assumed. See text for the other model parameters. Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(×1049 ergs) f(×1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11× 10−2 0.73× 10−2

Oxygen 2.94× 10−2 2.94× 10−2

Neon 4.41× 10−3 4.41× 10−3

Magnesium 6.03× 10−3 6.03× 10−3

Silicon 5.84× 10−3 5.84× 10−3

Iron 5.77× 10−3 5.77× 10−3

Equation 12 will lead to further suppression of the flux
at low energies. But, at energies of our interest, that is
above ∼ 107 GeV, the result will not be significantly af-
fected as the particle diffusion time, tdif = R2

sh/(6Dw),
is significantly less than the adiabatic energy loss time,
tad = 1/Ṽ = 6.52 × 107 yr. The steep spectral cut-offs at
high energies are due to the exponential cut-offs introduced
in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova

shock in such a field can lead to particle acceleration of en-
ergies up to ∼ 3 × 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = ν̄0H[R − r]H[p − p0]Q(p), where ν̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of ∼ 1200 in the Galaxy and an average
lifetime of ∼ 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of ∼ 1 Wolf-Rayet explo-
sion in every 210 years. This corresponds to ∼ 1 Wolf-
Rayet explosion in every 7 supernova explosions occurring
in the Galaxy. The source indices of the different cosmic-ray
species and the propagation parameters for the WR-CRs
are taken to be the same as for the SNR-CRs.

The contribution of WR-CRs to the all-particle spec-
trum is shown in Figure 4. The results are for two different
compositions of the Wolf-Rayet winds available in the lit-
eratures: Carbon-to-helium (C/He) ratio of 0.1 (top panel)
and 0.4 (bottom panel), given in Pollock et al. (2005). The
abundance ratios of different elements with respect to he-
lium for the two different wind compositions are listed in
Table 2. In our calculation, these ratios are assumed to be
proportional to the relative amount of supernova explosion
energy injected into different elements. The overall normali-
sation of the total WR-CR spectrum and the maximum en-
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents extra-galactic cosmic rays (EG-RSB93) taken from Rachen et al. (1993), and the thick solid red line represents the total
all-particle spectrum. The thin lines represent total spectra for the individual elements. For the SNR-CRs, an exponential energy
cut-off for protons at Ec = 4.1× 106 GeV is assumed. See text for the other model parameters. Data are the same as in Figure 2.

ergy of the proton source spectrum are taken as free param-
eters. Their values are determined based on the observed
all-particle spectrum between ∼ 108 and 109 GeV. For
C/He = 0.1, we obtain an injection energy of 1.3×1049 ergs
into helium nuclei from a single supernova explosion and a
proton source spectrum cut-off of 1.8× 108 GeV, while for
C/He = 0.4, we obtain 9.4 × 1048 ergs and 1.3 × 108 GeV
respectively. For both the progenitor wind compositions,
the total amount of energy injected into cosmic rays by

a single supernova explosion is approximately 5 times less
than the total energy injected into SNR-CRs by a super-
nova explosion in the Galaxy. The total WR-CR spectrum
for the C/He = 0.1 case is dominated by helium nuclei up
to ∼ 109 GeV, while for the C/He = 0.4 case, helium nuclei
dominate up to ∼ 2 × 108 GeV. At higher energies, carbon
nuclei dominate. One major difference of the WR-CR spec-
tra from the GW-CR spectrum (Figure 3) is the absence of
the proton component, and a very small contribution of the
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Fig. 8. Mean logarithmic mass, ⟨lnA⟩, of cosmic rays predicted using the three different models of the additional Galactic
component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
(Berezhnev et al. 2013), LOFAR (Buitink et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory
(Porcelli et al. 2015), and the different optical measurements compiled in Kampert & Unger (2012). The two sets of data points
correspond to two different hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to ⟨lnA⟩.

within the large systematic uncertainties of the measure-
ments, at energies above ∼ 107 GeV, the GW-CR model
deviates from the general trend of the observed composition
which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 5) × 108 GeV, the
behaviour of the GW-CR model is in good agreement with
the measurements from TUNKA, LOFAR and Yakutsk ex-
periments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out

that the essential high-energy features of the cosmic ray
spectrum, that is the ankle and, in part, even the sec-
ond knee, can be explained by propagation effects of extra-
galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called ‘proton dip model’,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential ‘light ankle’ at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this ‘minimal model’, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
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Figure 5. Average logarithmic mass of cosmic ray derived from Xmax measurements from [75]
with data from Tunka [76], Yakutsk [77, 78], CASA-BLANCA [79], HiRes/MIA [80], HiRes [81],
KASCADE-Grande [72], Auger [15] and TA [73] for hadronic interaction model EPOS v1.99 [57]
compare with simulation predictions (red lines) as in Fig. 4. Dashed lines indicate the energy range
where pulsars contribute less than 80% to the total flux (see Fig. 4) and other sources also contribute.

– 21 –

Figure 4. Cosmic ray flux measurements by KASCADE-Grande [72], Auger [15] and TA [73] com-
pared with pulsar model predictions. The total spectrum in solid black sums up extragalactic (dash)
and Galactic (solid) components. The top, middle, and bottom panels correspond to the Auger-
uniform, Auger, and TA cases respectively, as in Fig 1. Pulsar and propagation parameters: wind
acceleration coefficient η = 0.3, Galactic magnetic field coherence length lc = 20 pc, magnetic halo
height H = 2kpc.
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NS-NS/NS-BH merger remnants
(Kumura, KM & Meszaros 18)

Fast-rotating pulsars
(Fang, Kotera & Olinto 13)



Summary

- Hadronic interaction model uncertainties
- Astrophysical uncertainties
(only a few models with composition deterministic)

GRAND-300?
- Spectral features are already complicated 
- Measuring Xmax or ln A is great but it would not 
be precise enough to distinguish among models
- What is model dependence of the slope?
More studies are necessary (I do not know)


