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Multi-Messenger View of Cosmic Particle “Backgrounds”

gamma neutrino UHECR

Energy budgets are all comparable (1043 -1044 erg Mpc-3 yr-1)

ankle
=1018.5 eV

PeV=1015eV EeV-ZeV
=1018eV-1021eV

GeV-TeV
=109eV-1012eV
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e.g., KM & Fukugita 18



Diffuse Neutrino Intensity & Candidate Sources
High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 9	

Poster	#175.	Wandkowsky	et	al.	(IceCube)	

• 7.5 year HE starting events
103 events
(60 events > 60 TeV)
best-fit: s=2.87�0.3

• 8 year upgoing nµ “track”
36 events at >200 TeV (6.7s)
best-fit: s=2.19�0.10

per flavor

excess?

p+γ→ Nπ + X

Active galactic nuclei g-ray burst

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Cosmic-ray Accelerators
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

En ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy  

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 



Fishing Neutrino Sources

!19

IceCube’s high-energy neutrinos

IceCube collaboration, ICRC 2017

▶︎ Compatible with an isotropic distribution
◆ points to extragalactic origin of cosmic neutrinos

▶︎ No significant clustering of high-energy events

IceCube high-energy events > 30 TeV (2010 - 2016)

- compatible w. isotropic distribution
- no significant clustering at >30 TeV
- some (fishy) sources?
TXS 0506+056, PKS B-1424-41 
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What Have We Learned from the Neutrino Sky?
KM & Waxman 16 PRD

ruled out

• Rare sources cannot be the dominant origin (ns>10-7-10-6 Mpc-3)
• Most models can be tested by next-generation detectors (Gen2)

Gen2
IceCube

diffuse obs.



>TeV g rays interact with CMB & extragalactic background light (EBL)

Fate of High-Energy Gamma Rays

p+γ→ Nπ + X → Eg
2 Fg ~ (4/3) En

2 Fn

p+ p→ Nπ + X → Eg
2 Fg ~ (2/3) En

2 Fn

HE g

LE g

cosmic photon bkg.
lgg e

cosmic photon bkg.

γ +γCMB/EBL → e+ + e−

p�:p0~1:1
p�:p0~2:1

π 0 → γ +γ

ex. lgg(TeV) ~ 300 Mpc
lgg(PeV) ~ 10 kpc ~ distance to Gal. Center

Fermi
satellite

airshower
detectors
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE

KOHTA MURASE
1

AND HAJIME TAKAMI
2

ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

(

κ
1
3
lc

)2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ

∂x
+
∂N

syn
γ

∂x
−

∂

∂E
[PadNγ] + Qinj

γ ,

∂Ne

∂x
=
∂Nγγ

e

∂x
− NeRIC +

∂NIC
e

∂x
−

∂

∂E
[(Psyn + Pad)Ne] + Qinj

e ,

where

Rγγ =

∫

dε
dn

dε

∫

dΩ

4π
c̃σγγ(ε,Ω),

RIC =

∫

dε
dn

dε

∫

dΩ

4π
c̃σIC(ε,Ω),

∂NIC
γ

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEγ
(ε,Ω,E ′),

∂Nγγ
e

∂x
=

∫

dE ′Nγ(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσγγ

dEe
(ε,Ω,E ′),

∂NIC
e

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEe
(ε,Ω,E ′). (4)

Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)
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Multi-Messenger Constraints on the >0.1 PeV n Origin

• Generic power-law spectrum eQe∝ e2-s, transparent to GeV-TeV g

• s < 2.1-2.2 (for extragal.); insensitive to evolution & EBL models
• contribution to diffuse sub-TeV g-ray bkg.: >30-40%
• s < 2.0 for nearly isotropic Galactic emission (e.g., Galactic halo) 
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New Component?: Medium-Energy “Excess”?

Violation of Fermi diffuse g-ray bkg. if n sources are g-ray transparent
→ “hidden neutrino sources (i.e. g-ray attenuation)” 
In this talk we focus on general classes of >0.1 PeV neutrino sources

• 10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

(best-fit spectral indices tend to be as soft as s~2.5-2.9)

KM, Guetta & Ahlers 16 PRL

2016/04/15 午後5:11New clues in the hunt for the sources of cosmic neutrinos

1/2 ページhttp://phys.org/print375001119.html

New clues in the hunt for the sources of cosmic neutrinos
February 18, 2016 in Physics / General Physics 

This illustration is an example of a hidden cosmic-ray accelerator. Cosmic rays are accelerated up to extremely
high energies in dense environments close to black holes. High-energy gamma rays (marked by the “Y” gamma
symbol) are blocked from escaping, while neutrinos (marked by the “V”nu symbol) easily escape and can reach the
Earth. Credit: Bill Saxton at NRAO/AUI/NSF, modified by Kohta Murase at Penn State University

The sources of the high-energy cosmic neutrinos that are detected by the IceCube Neutrino Observatory buried in the Antarctic
ice may be hidden from observations of high-energy gamma rays, new research reveals. These high-energy cosmic neutrinos,
which are likely to come from beyond our Milky Way Galaxy, may originate in incredibly dense and powerful objects in space
that prevent the escape of the high-energy gamma rays that accompany the production of neutrinos. A paper describing the
research will be published in the early online edition of the journal Physical Review Letters on February 18, 2016.

"Neutrinos are one of the fundamental particles that make up our universe," said Kohta Murase, assistant professor of physics
and of astronomy and astrophysics at Penn State and the corresponding author of the studies. "High-energy neutrinos are
produced along with gamma rays by extremely high-energy radiation known as cosmic rays in objects like star-forming
galaxies, galaxy clusters, supermassive black holes, or gamma-ray bursts. It is important to reveal the origin of these high-
energy cosmic neutrinos in order to better understand the underlying physical mechanisms that produce neutrinos and other
extremely high-energy astroparticles and to enable the use of neutrinos as new probes of particle physics in the universe."

Neutrinos are neutral particles, so they are not affected by electromagnetic forces as they travel through space. Neutrinos



Astrophysical Extragalactic Scenarios
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Cosmic-Ray Reservoirs
Galaxy clusters/groupsStarburst galaxies

CR confinement 

target gas

magnetized region w. CR sources
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low-energy CRs are 
confined by magnetic fields

kpc
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sufficiently high-energy CRs
escape without interactions
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CRLoeb & Waxman 06
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No. 2, 2008 COSMIC RAYS AND NEUTRINOS FROM CLUSTERS OF GALAXIES L107

Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08
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olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

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

= Φνµ
= Φντ

= Φν/2.
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µ
); Baikal(νe)
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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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Grand-Unification of High-Energy Cosmic Particles?

Fang & KM 18 Nature Physics (see also KM & Waxman 16 PRD)

• AGN=“UHECR” accelerators
Galaxy clusters/groups=“CR” reservoirs

• LE CRs: confinement in AGN & clusters
HE CRs: escape into intergalactic space 



Astrophysical Extragalactic Scenarios
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give important constraints



Diffuse Neutrino Intensity from GRBs
- Classical GRBs as the dominant origin: excluded by multimessenger obs.
constrained by stacking analyses <~ 10-10 GeV cm-2 s-1 sr-1 

- Low-luminosity GRBs and choked-jet SNe: viable as the dominant sources

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic
double broken power law neutrino spectrum as a function of
first break energy Áb and per-flavor quasi-di�use flux normal-
ization �0 derived from the presented results combined with
previous Northern Hemisphere track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches. Models
of neutrino production assuming GRBs are the sole source of
the measured UHECR flux either by neutron escape (Ahlers
et al. 2011) or proton escape (Waxman & Bahcall 1997) from
the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted
per-flavor quasi-di�use flux of numerical neutrino production
models (dashed lines) for benchmark parameters fp = 10
and � = 300 over the expected central 90% central energy
containment interval of detected neutrinos for these models,
combining the presented analysis with the previously pub-
lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.
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beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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SUPPLEMENTARY MATERIAL

All the key points are described in the main text, which
are general and not sensitive to details of the astrophysi-
cal models. We here describe possible scenarios for TeV-
PeV neutrino sources that are obscured in GeV-TeV �
rays, without going through specific details. For candi-
date sources of CR reservoirs including starburst galaxies
and galaxy clusters, see Refs. [1, 2] and references therein.

Candidates of Hidden Cosmic-Ray Accelerators

By Equations (1) and (2) in the main text, the di↵use
(all-flavor) neutrino flux from p� sources is estimated to
be

E2

⌫�⌫ ' 0.76⇥ 10�7 GeV cm�2 s�1 sr�1

⇥min[1, fp� ]fsup

✓
⇠z
3

◆✓
"pQ"p

1044 erg Mpc�3 yr�1

◆
,

where f
sup

( 1) is the suppression factor due to meson
and muon cooling, ⇠z is a factor accounting for redshift
evolution of the source density [3, 4]. For no redshift
evolution, we have ⇠z ' 0.6. For the star-formation his-
tory and flat spectrum radio quasar evolution we obtain
⇠z ' 3 and ⇠z ' 8, respectively. In the following we will
discuss specific scenarios in terms of their CR luminosity
density "pQ"p and photomeson production e�ciency fp� .

At present, there are several models that can explain
the 10–100 TeV neutrino data. For a power-law proton
spectrum, the total CR luminosity density (at z = 0)
is expressed by Qp = ("pQ"p)Rp, where Rp("p) is the
conversion factor; Rp = ln("max

p /"min

p ) for s
cr

= 2 and

Rp = ("p/"min

p )
scr�2

[1 � ("max

p /"min

p )
2�scr ]/(s

cr

� 2) for
s
cr

> 2. In the shock acceleration theory, one typically
expects "min

p ⇠ �mpc2 or �2mpc2. For example, assuming
"max

p = 60 PeV, s
cr

= 2 and "min

p = 1 TeV lead to Rp ⇠
10, while s

cr

= 2.5 and "min

p = 1 TeV give Rp ⇠ 10 at
25 TeV. We hereafter use Rp ⇠ 10 as a fiducial value,
although lower "min

p (e.g., ⇠ 1 GeV) leads to larger Rp.
Choked jets and newborn pulsars.— Massive star ex-

plosions such as supernovae and GRBs are considered as
promising sites of CR acceleration. GRB prompt emis-
sion is believed to be high-energy radiation from expand-
ing relativistic outflows launched by a black hole with
an accretion disk or a fast-rotating magnetar. Parti-
cle acceleration may occur both at internal shocks in-
side a relativistic outflow and a pair of external shocks
caused by the outflow, via the shock acceleration and/or
magnetic reconnections [5]. GRBs may explain UHE
CRs [6, 7], since their integrated �-ray luminosity den-
sity Q� ⇠ 1044 erg Mpc�3 yr�1 is comparable to the
di↵erential UHE CR luminosity density "

cr

Q"cr ⇠ 0.5 ⇥
1044 erg Mpc�3 yr�1 at 1019.5 eV. However, stacking
analyses for observed GRBs lead to stringent constraints.
It was shown that classical GRBs can contribute . 1%
of the observed di↵use neutrino flux [8].
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FIG. 1. All-flavor neutrino fluxes for some �-ray obscured p�
scenarios that may account for the latest IceCube data [19].
The latest data on upgoing neutrinos are also shown [20].
We show curves of the AGN core model [21, 22], choked jet
model [12, 13], and low-luminosity GRB model [9, 13]. Note
that model uncertainties are large and contributions to the
sub-TeV IGRB are su�ciently small in these models.

However, these limits do not apply to low-luminosity
GRBs and ultralong GRBs. Low-power GRBs may have
di↵erent origins, and most of them are missed by GRB
satellites such as Fermi and Swift. Their energy budget
may be comparable to that of classical GRBs, so it is
possible that they have a significant contribution to the
di↵use neutrino flux [9, 10]. Theoretically, lower-power
jets are more di�cult to penetrate the progenitor, so it
is natural to expect “choked jets” [11]. Although too
powerful jets lead to radiation-mediated shocks and do
not allow e�cient CR acceleration, since all protons can
be depleted for meson production, choked GRB jets can
account for the IceCube data [12–16]. Not only jets but
also newborn pulsar winds can serve as hidden CR accel-
erators [17, 18]. The pulsar wind with � ⇠ 106 lead to
⇠ 50 TeV neutrinos in the presence of nonthermal target
photons generated in the nebula.
Such jet-driven and pulsar-driven supernovae have

been suggested as origins of low-luminosity GRBs
(that are often classified as transrelativistic super-
novae) and hypernovae, whose local rates are ⇠
102–103 Gpc�3 yr�1 [23] and ⇠ 4000 Gpc�3 yr�1 [24],
respectively. The available energy budget is ⇠ 4 ⇥
1046 erg Mpc�3 yr�1, so we expect "pQ"p . 4 ⇥
1045 R�1

p,1 erg Mpc�3 yr�1. This does not violate
the total CR luminosity density of galaxies, "pQ"p ⇡
1045–1046 erg Mpc�3 yr�1 in the ⇠ 1–10 GeV range [25,
26], and it is possible for choked jets and pulsars to
achieve E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 (see Fig. 1).
In addition, very massive stars born at high redshifts

lead to black holes and could launch jets (e.g., Ref. [27]).
We here point out that choked jets from such high-
redshift objects could also give a contribution to the dif-
fuse neutrino flux, as considered in Ref. [28].
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frame, and we take E0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E0b

p ≈ 0.5mpc2ε̄Δ=E0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E0
νLE0

ν
∝
! fpγE0 2

ν ðE0
ν ≦ E0b

νÞ
fpγE0 2−s

ν ðE0b
ν < E0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E0

νLE0
ν
∝ E02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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frame, and we take E0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E0b

p ≈ 0.5mpc2ε̄Δ=E0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E0
νLE0

ν
∝
! fpγE0 2

ν ðE0
ν ≦ E0b

νÞ
fpγE0 2−s

ν ðE0b
ν < E0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E0

νLE0
ν
∝ E02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for

DIFFUSE NEUTRINO INTENSITY FROM THE INNER … PHYSICAL REVIEW D 90, 023007 (2014)
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pg → D+ → p + N
inner jet photons

broadline (UV) photons

dust torus (IR) photons

neutrinos
“beamed” 8

6.6⇥ 1012 V (67)

E < Ze�� (68)

E0
⌫ ⇡ 0.05E0

p ' 0.8 PeV �2

1

(E0
s/1 keV)

�1
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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?

Challenging
- Cutoff or steepening around a few PeV seems required
(e.g., stochastic acceleration? Dermer, KM & Inoue 14)

- The models give up the simultaneous explanation of UHECRs

from KM & Waxman 16 PRD

BL Lac – spine-sheath
BL Lac – one-zone
FSRQ – w. external field
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g-ray bright blazars are largely resolved
-> stacking/cross-correlation analyses

- 2LAC: <7-27% of the diffuse n flux
2FHL: <4-6% of the diffuse n flux 

IceCube Collaboration 17 ApJ

All 2LAC

KM & Waxman 16 PRD

Statistical Constraints on Blazar Contribution

Blazars are rare objects in the universe
-> neutrino clustering/auto-correlation

- < 10% of the diffuse n flux at 100 TeV
(but can be more at higher energies)
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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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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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Transient Sources & Blazar Flares

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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big bird (2 PeV)
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Nature Phys.

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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Good chances to detect them 
even if subdominant in the diffuse n sky
(story is similar for GRBs!)
1. Observational reason:

temporal & spatial coincidence
2. Theoretical reason

“enhanced“ jet power + target photons
(see e.g., KM & Waxman 16, KM et al.18)

Lucarelli+ 17
ApJ

IceCube-160731 
public alert sent by AMON

PKS B-1424-418 (z=1.522) 1RXS J141658.0−001449 (HSP)

Dermer KM Inoue 14 JHEAP



IceCube 170922A & TXS 0506+056

- IceCube EHE alert pipeline

- Automatic public alert 

(through AMON/GCN)

- Kanata observations of blazars

-> Fermi-LAT (Tanaka et al.)

ATel #10791 (Sep/28/17) 

image
IceCube 2018 Science 



TXS 0506+056: Detailed Observations
• Swift-UVOT/X-Shooter, 

Swift-XRT/NuSTAR
Fermi-LAT data

• UVOT/X-Shooter
nsyn<3x1014 Hz: ISP/LSP

- X-ray observations reported 
by members of AMON

- Swift (Keivani et al.) 
GCN #21930, ATel #10942 
NuSTAR (Fox et al.)
ATel #10861
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Emission Mechanisms
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generically broad spectrum
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TXS 0506+056 SED Modeling: Hadronic
• Swift-UVOT/X-Shooter, 

Swift-XRT/NuSTAR
Fermi-LAT data

• UVOT/X-Shooter
nsyn<3x1014 Hz: ISP/LSP

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

• g = p-syn. from UHECRs
very low Fn at 0.1-1 PeV

• IC-170922A event 
CANNOT be explained
by the hadronic scenario 

CR-induced
cascade

n

Keivani, KM, Petropoulou, Fox et al. (for AMON) 2018 ApJ
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TXS 0506+056 SED Modeling: Leptonic
• Swift-UVOT/X-Shooter, 

Swift-XRT/NuSTAR
Fermi-LAT data

• UVOT/X-Shooter
nsyn<3x1014 Hz: ISP/LSP

• Leptonic scenario
g = external IC emission

• Fn < (1-2)x10-12 erg/cm2/s 
• ep/ee > 300
• Emax < 0.3 Z EeV

• Nn~0.02/yr (real-time)   
Nn~0.2/yr (point-source)

n
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2014-2015 Neutrino Flare
IceCube 2018 Science 

En LEn ~ (3-10)x1046 erg/s

Single-zone models predict Fx~10-10 erg/cm2/s that violates the Swift-BAT limit

Blazar Flares as an Origin of High-Energy Cosmic Neutrinos? 7

1997; Levinson 2006; Dermer et al. 2007; Murase et al.
2016; Petropoulou et al. 2017). Imposing ⌧�� < 1 at

100 GeV leads to fp� < 10�3 ("p/60 PeV)��1. Note
that the neutrino energy is related to the proton energy
as "⌫ ⇡ 0.05"p = 0.3 PeV ("p/6 PeV).
For an isotropic-equivalent proton luminosity, "pL"p ,

the di↵erential neutrino luminosity is then given by

"⌫L"⌫ ⇡
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fp�("pL"p)

' 1.2⇥ 1045 erg s�1 fp�,�4
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"pL"p

1049.5 erg s�1

◆
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which is consistent with the results of Keivani et al.
(2018). The remaining fraction (i.e., 5/8) of en-
ergy should be carried by pionic � rays with "0� ⇡
0.1"0p and secondary electrons and positrons with �0

e ⇡
0.05"0p/(mec2) ' 2.9⇥ 107 ("p/6 PeV)(20/�). The TeV-
PeV � rays are attenuated inside the source, which also
generate the pairs. The Bethe-Heitler process also in-
jects high-energy pairs with �0

e ⇡ 5 ⇥ 10�4"0p/(mec2) '
2.9 ⇥ 105 ("p/6 PeV)(20/�) (e.g. Mastichiadis & Kirk
1995); even more energetic pairs can be produced by
interactions happening far from the energy threshold
of the process (e.g. Kelner & Aharonian 2008). These
highly relativistic pairs quickly lose their energies via
synchrotron and IC cooling. The cooling Lorentz fac-
tor is �0

c ⇡ 2300 B0�2
�0.5l

0
17

�1(1 + YIC)
�1, implying that

the resulting cascade spectrum lies in the fast-cooling
regime. In the case of TXS 0506+056, the synchrotron
peak is comparable to the IC peak, and the Compton Y
parameter (YIC) is at most unity (Keivani et al. 2018).
The synchrotron emission from pairs injected via the

Bethe-Heitler process is not always negligible in blazars,
as demonstrated by Petropoulou & Mastichiadis (2015).
It turns out to be important also for TXS 0506+056
during its high state (Keivani et al. 2018). The minimum
synchrotron cascade flux associated with the neutrino
flux at "⌫ is:

"�L"� |"BH
syn

⇡ 1

2(1 + YIC)
g[�]fp�("pL"p)

⇡ 4g[�]

3(1 + YIC)
"⌫L"⌫ , (13)

where "BH
syn ' 6 keV B0

�0.5("p/6 PeV)2(20/�) is the
characteristic frequency of synchrotron emission by
pairs from protons with "p ⇡ 20"⌫ . Because of
the broad distribution of pairs injected by the Bethe-
Heitler processes, even if the protons are mono-
energetic, (Dimitrakoudis et al. 2012) the expected
synchrotron spectrum will be extending over several
decades in energy (e.g. Petropoulou & Mastichiadis
2015; Petropoulou et al. 2015). Note that for su�ciently
high-energy pairs we expect YIC ⌧ 1 due to the Klein-
Nishina suppression.

Similarly, for synchrotron emission from pairs injected
via photomeson production and two-photon annihilation
for pionic � rays, the synchrotron cascade flux is:

"�L"� |"p�syn ⇡
1

2(1 + YIC)

5

8
fp�("pL"p)

⇡ 5

6(1 + YIC)
"⌫L"⌫ , (14)

where "p�syn ' 60 MeV B0
�0.5("p/6 PeV)2(20/�) and the

contribution of pionic � rays is included assuming that
they are converted into pairs inside the source.
In addition to the synchrotron cascade components

considered above, the IC emission and subsequent regen-
eration processes can a↵ect the pair-injection spectrum.
Although the exact spectral shape of a cascade photon
spectrum depends on details of the pair injection and
possible contributions from muon and meson radiation,
the resulting energy spectrum becomes approximately
flat, that is, it can be expressed as E�FE� / E2��

� with
� ⇠ 1.5� 2 varying in the X-ray and �-ray range.
For the TXS 0506+056 flare coincident with IceCube-

170922A, Swift and NuSTAR measured X rays quasi-
simultaneously. A more recent sophisticated analysis
gave the X-ray flux, E�FX

E�
⇡ 0.8⇥ 10�12 erg cm�2 s�1

at E� ⇡ 2 � 3 keV (Keivani et al. 2018). This
leads to tight limits on the high-energy neutrino flux
from the TXS 0506+056 flare. Combining Eq. (13)
with the observed X-ray flux, the neutrino flux in the
0.1 � 1 PeV range is constrained as E⌫F

0.1�1 PeV
E⌫ ⇠<

E�FX
E�

⇠ 10�12 erg cm�2 s�1 for all flavors, or we have

"⌫L0.1�1 PeV
"⌫µ ⇠< "�LX

"�/3 ⇠ 1044 erg s�1, where a factor
of 3 comes from ⌫e : ⌫µ : ⌫⌧ ⇡ 1 : 1 : 1. This is fully
consistent with the detailed numerical results presented
in Keivani et al. (2018), and this upper limit muon lu-
minosity is much lower than the luminosity required
for the 2017 and 2014-2015 flares of TXS 0506+056,
"⌫L"⌫µ

⇠ 1046�1047 erg s�1. Note that the neutrino lu-
minosity around the peak at higher energies (see Fig. 4
of Keivani et al. 2018) is slightly higher due to g[�] and
details of the cascade spectrum.
Eqs. (13) and (14) show that the luminosity of the

synchrotron cascade components is comparable to the
neutrino luminosity, as long as YIC ⌧ 1. Thus, the cas-
cade bound on the neutrino flux is unavoidable as long
as the photomeson production occurs in a compact re-
gion such as the blazar zone. If the canonical picture
of blazars based on the single-zone modeling is correct,
these results allow us to predict that the 2017 and 2014-
2015 neutrino flares reported by the IceCube Collabora-
tion (IceCube-Collaboration 2018) should be accompa-
nied by X-ray emission with E�FX

E�
⇠ E⌫F

0.1�1 PeV
E⌫

⇠
(8 � 80) ⇥ 10�11 erg cm�2 s�1, which should be de-
tectable by X-ray sky monitors such as Swift and MAXI.

X-ray luminosity due to cascades by
synchrotron from Bethe-Heitler pairs
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neutrino luminosity, as long as YIC ⌧ 1. Thus, the cas-
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as the photomeson production occurs in a compact re-
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⇠
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(KM, Oikinomou & Petropoulou 18 ApJ)

If association is physical



TXS 0506+056: Implications
No convincing picture (especially with the 2014-2015 n flare)

Single-zone models (either pg or pp models)

- Suggesting the leptonic g-ray origin & disfavoring UHECR acceleration

- Real-time detection was lucky (lower-energy n were not detected)

- Challenging energetics (Pcr>>LEdd), dark accelerator (Lp>>300 Le) 

How to avoid X-ray limits?

1. Anisotropic cascades

(isotropization & time delay)

2. Avoiding Bethe-Heitler by neutrons

3. Compton scattering of X rays 

(requiring NH>1025 cm-2)

cascades are crucial

Neutron beam model?
OR…

(KM, Oikinomou & Petropoulou 18 ApJ)



Other Neutrino Transients?

AGN jet/blazar flares

Remember: UHECR accelerators have to be powerful
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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

PeV-EeV n

PeV-EeV n

Tidal disruption events

long GRBs

engine-driven
SNe

short GRBs
NS mergers

TeV-EeV n TeV-EeV n

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

- Gen2/KM3Net: n alerts w. ~0.1 deg, AMON: n-g, n-GW alerts
- UV/X-ray/MeV g-ray monitoring is critically important!!!

If TXS story is true we should see more blazar flares (up to 1 events/yr) 



Summary
Multi-messenger approaches are now critical for “n” questions

Origin of the diffuse neutrino intensity?
g-ray flux ~ n flux ~ CR flux

pp scenarios: s<2.1-2.2 & significant contribution to Fermi g-ray bkg.
cosmic particle unification is possible
10-100 TeV data are NOT explained by CR reservoirs

pg scenarios: 10-100 TeV data suggest hidden CR accelerators

Brightest neutrino sources including neutrino “transients”?
TXS 0506+056: encouraging, successful example of n-triggered campaigns

cascade bounds: X-ray flux ~ n flux
No convincing picture: luck? multi-zone (ex. n-beam) models?, need more..

Future?
diffuse n origin: likely to be common sources, need for Gen2/KM3Net
n transients: big potential due to time/space-coincidence, need more efforts… 
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spp~30 mb

Δ-resonance
(+ direct ch.)

spg~aspp~0.5 mb
ε'pε’γ ~ (0.34 GeV)(mp/2) ~ 0.16 GeV2

roughly energy-independent

spp
spg

Astrophysical Extragalactic Scenarios

p+γ→ Nπ + X

Active galactic nuclei g-ray burst

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Cosmic-ray Accelerators
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

En ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy  

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 



UHECR Sky: Unknown (but Hint?)

• Spectrum:
suppression at ~40 EeV can be 
explained by interactions with 
CMB during the propagation OR 
maximum energy at the sources

• Composition:
heavier nuclei beyond the ankle? 

suppression

Auger 18 ApJL

Auger ICRC 2017

• No established source yet
• Tentative correlation?

starbursts: ~4s 
AGN: ~3s 
TA hotspot: ~3s

• Dipole anisotropy established
-> supporting extragalactic

(Auger 17 Science)
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High-Energy Neutrino Sky: Unknown 

High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 9	

Poster	#175.	Wandkowsky	et	al.	(IceCube)	

• 7.5 year HE starting events

103 events

(60 events > 60 TeV)

best-fit: s=2.87�0.3

• 8-yr upgoing nµ “track”

36 events at >200 TeV (6.7s)
best-fit: s=2.19�0.10

per flavor

No established source yet 
(except fishy event)

IceCube Neutrino 2018



Extragalactic Gamma-Ray Sky: Dominated by Blazars

Ajello+ 15
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

Ajello+ 15 ApJL

48 months of observations : 

3LAC: 1563 sources 

1444 AGNs in the clean sample

most of them are blazars

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2

See http://healpix.sourceforge.net

Fermi Collaboration 16 PRL

Blazar (point-source) contribution to 

extragalactic g-ray background (EGB)

86%+16%-14% (Fermi 16 PRL)

68%+9%-8% (Lisanti+ 16 ApJ)

~15-30% of the EGB at > 50 GeV 

may come from something else

(and more rooms at lower energies)

3FGL
(~3000 sources)

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes
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Neutrino-Gamma-UHECR Connection?

• Explain >0.1 PeV n data with a few PeV break (theoretically expected)
• Escaping CRs may contribute to the observed UHECR flux
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simple flat energy spectrum w. s~2 can fit all diffuse fluxes
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PeVn – confined CR
UHECR – escaping CR
sub-TeVg – “sum”
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Indication of Gamma-Ray Dark Cosmic-Ray Accelerators

• gg → e+e- inside the sources: unavoidable in pg sources 
• n sources naturally become obscured in GeV-TeV g rays

KM, Guetta & Ahlers 16 PRL
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GRBs and AGN as Hidden Neutrino Factories?

cf. KM+ 06 ApJL

KM & Ioka 13 PRL
Senno, KM & Meszaros 16

Kimura, KM & Toma 15 ApJ

Low-power GRBs (choked jets) Supermassive blackhole cores

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.

PRL 111, 121102 (2013) P HY S I CA L R EV I EW LE T T E R S
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121102-2

see also:
Stecker 13
Kalashev+ 15

see also:
Bhattacharya+ 15
Nakar 15
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SUPPLEMENTARY MATERIAL

All the key points are described in the main text, which
are general and not sensitive to details of the astrophysi-
cal models. We here describe possible scenarios for TeV-
PeV neutrino sources that are obscured in GeV-TeV �
rays, without going through specific details. For candi-
date sources of CR reservoirs including starburst galaxies
and galaxy clusters, see Refs. [1, 2] and references therein.

Candidates of Hidden Cosmic-Ray Accelerators

By Equations (1) and (2) in the main text, the di↵use
(all-flavor) neutrino flux from p� sources is estimated to
be

E2

⌫�⌫ ' 0.76⇥ 10�7 GeV cm�2 s�1 sr�1

⇥min[1, fp� ]fsup

✓
⇠z
3

◆✓
"pQ"p

1044 erg Mpc�3 yr�1

◆
,

where f
sup

( 1) is the suppression factor due to meson
and muon cooling, ⇠z is a factor accounting for redshift
evolution of the source density [3, 4]. For no redshift
evolution, we have ⇠z ' 0.6. For the star-formation his-
tory and flat spectrum radio quasar evolution we obtain
⇠z ' 3 and ⇠z ' 8, respectively. In the following we will
discuss specific scenarios in terms of their CR luminosity
density "pQ"p and photomeson production e�ciency fp� .

At present, there are several models that can explain
the 10–100 TeV neutrino data. For a power-law proton
spectrum, the total CR luminosity density (at z = 0)
is expressed by Qp = ("pQ"p)Rp, where Rp("p) is the
conversion factor; Rp = ln("max

p /"min

p ) for s
cr

= 2 and

Rp = ("p/"min

p )
scr�2

[1 � ("max

p /"min

p )
2�scr ]/(s

cr

� 2) for
s
cr

> 2. In the shock acceleration theory, one typically
expects "min

p ⇠ �mpc2 or �2mpc2. For example, assuming
"max

p = 60 PeV, s
cr

= 2 and "min

p = 1 TeV lead to Rp ⇠
10, while s

cr

= 2.5 and "min

p = 1 TeV give Rp ⇠ 10 at
25 TeV. We hereafter use Rp ⇠ 10 as a fiducial value,
although lower "min

p (e.g., ⇠ 1 GeV) leads to larger Rp.
Choked jets and newborn pulsars.— Massive star ex-

plosions such as supernovae and GRBs are considered as
promising sites of CR acceleration. GRB prompt emis-
sion is believed to be high-energy radiation from expand-
ing relativistic outflows launched by a black hole with
an accretion disk or a fast-rotating magnetar. Parti-
cle acceleration may occur both at internal shocks in-
side a relativistic outflow and a pair of external shocks
caused by the outflow, via the shock acceleration and/or
magnetic reconnections [5]. GRBs may explain UHE
CRs [6, 7], since their integrated �-ray luminosity den-
sity Q� ⇠ 1044 erg Mpc�3 yr�1 is comparable to the
di↵erential UHE CR luminosity density "

cr

Q"cr ⇠ 0.5 ⇥
1044 erg Mpc�3 yr�1 at 1019.5 eV. However, stacking
analyses for observed GRBs lead to stringent constraints.
It was shown that classical GRBs can contribute . 1%
of the observed di↵use neutrino flux [8].
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FIG. 1. All-flavor neutrino fluxes for some �-ray obscured p�
scenarios that may account for the latest IceCube data [19].
The latest data on upgoing neutrinos are also shown [20].
We show curves of the AGN core model [21, 22], choked jet
model [12, 13], and low-luminosity GRB model [9, 13]. Note
that model uncertainties are large and contributions to the
sub-TeV IGRB are su�ciently small in these models.

However, these limits do not apply to low-luminosity
GRBs and ultralong GRBs. Low-power GRBs may have
di↵erent origins, and most of them are missed by GRB
satellites such as Fermi and Swift. Their energy budget
may be comparable to that of classical GRBs, so it is
possible that they have a significant contribution to the
di↵use neutrino flux [9, 10]. Theoretically, lower-power
jets are more di�cult to penetrate the progenitor, so it
is natural to expect “choked jets” [11]. Although too
powerful jets lead to radiation-mediated shocks and do
not allow e�cient CR acceleration, since all protons can
be depleted for meson production, choked GRB jets can
account for the IceCube data [12–16]. Not only jets but
also newborn pulsar winds can serve as hidden CR accel-
erators [17, 18]. The pulsar wind with � ⇠ 106 lead to
⇠ 50 TeV neutrinos in the presence of nonthermal target
photons generated in the nebula.
Such jet-driven and pulsar-driven supernovae have

been suggested as origins of low-luminosity GRBs
(that are often classified as transrelativistic super-
novae) and hypernovae, whose local rates are ⇠
102–103 Gpc�3 yr�1 [23] and ⇠ 4000 Gpc�3 yr�1 [24],
respectively. The available energy budget is ⇠ 4 ⇥
1046 erg Mpc�3 yr�1, so we expect "pQ"p . 4 ⇥
1045 R�1

p,1 erg Mpc�3 yr�1. This does not violate
the total CR luminosity density of galaxies, "pQ"p ⇡
1045–1046 erg Mpc�3 yr�1 in the ⇠ 1–10 GeV range [25,
26], and it is possible for choked jets and pulsars to
achieve E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 (see Fig. 1).
In addition, very massive stars born at high redshifts

lead to black holes and could launch jets (e.g., Ref. [27]).
We here point out that choked jets from such high-
redshift objects could also give a contribution to the dif-
fuse neutrino flux, as considered in Ref. [28].



Future Detectors

 Markus Ackermann  |  04.05.2015  |  Page  

Summary

> Neutrinos and gamma rays are indeed complementary messengers. They probe
▪ different high-energy interactions.
▪ different energy regimes.
▪ different distance regimes.

> The correlations between the two messengers can be used to understand the high-
energy emission of various source populations better.
▪ Galactic high-energy ! sources compatible with "-ray data, but no identification yet.
▪ LAT Blazars contribute less than 20% to the diffuse !-flux.
▪ Extragalactic p-p scenarios (like star-forming galaxies) problematic.
▪ No coincidence with GRBs detected yet.

> New instruments proposed  
promise a bright future.
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~10 km3

120m→240m spacing

~1 km3

better angular resolution
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Multiplet Searches

• N~100-1000 events are needed for 5σ discovery
• Angular resolution is important (confusion limit)
• Agree well w. analytical estimates by KM & Waxman 16

JCAP12(2016)017

Figure 1. Significance of detection of point sources of UHE neutrinos by experiments with various
angular resolutions and numbers of detected events. The color coding corresponds to the confidence
level to reject an isotropic background using the statistical method from ref. [65]. We assume that
all of the sources have the same luminosity, and that the sources follow a uniform distribution with
a number density 10�5 Mpc�3 up to 2 Gpc (case I). With this source number density, ⇠ 1000 events
and ⇠ 0.1� angular resolution are needed to reach a 5� detection of point sources. In the above
calculation, f

cov

= 1 is used; fewer events are required in the field of view if f
cov

is smaller.

roughly independent of angular resolution for �✓ . 0.1� at 5�, but increases notably for
angular resolutions worse than a few tenths of a degree. This change happens when the
chance of getting background events from adjacent sources due to the poor PSF becomes
considerable, that is, the number of false point sources in the background is not negligible
(see section IV of ref. [17] and considerations in ref. [66, 67] for constraints on UHECR
sources). We confirmed that our results agree well with calculations based on multiplet
analyses performed by refs. [16, 17]. A 1.6� limit corresponds to N ev

tot ⇠ 200, which is
consistent with the six-year lower limit on the number density ns & 10�5 Mpc�3 for no
redshift evolution and fcov = 0.5 [17]. Note that alternate point-source detection methods,
such as standard autocorrelation methods or the method of ref. [68], would require more
events and/or better angular resolution (see the discussion in ref. [65]).

The significance of point source detection depends on the source number density as well
as the source evolution model. In general, to reach a given confidence level, more events will
be needed if the total number of sources is larger or if the sources lie at greater distances.
For example, if sources follow a uniform distribution with ns = 10�4Mpc�3 up to a sharp
edge at 2 Gpc, a 3� detection would require about 1700 events even with 0.1� angular
resolution. In contrast, the top panel of figure 2 shows that with ns = 10�7Mpc�3 and a

– 6 –
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Figure 15. Forecasted neutrino constraints on the total CR energy, Ecr, for five nearby GCs. The
uniform CR distribution is assumed. The Virgo cluster gives the most stringent constraint. The
shaded region indicates the typical total CR energy required in the scenario where GCs contribute to
the observed CR flux.
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Figure 16. Forecasted neutrino constraints on the CR energy fraction in the isobaric model, Xcr, for
five nearby GCs. The CR distribution is assumed to trace the thermal energy distribution. One sees
that the Perseus cluster gives the most stringent constraint.

energy in the PeV range is so small that the neutrino constraints should be weak. One sees
that the Virgo cluster gives the most stringent neutrino constraint, Ecr ! 1062 erg for s = 2.

Neutrinos with ∼ PeV energies are produced by protons with ∼ 30 PeV [29]. Although
it might be difficult to trap such high-energy CRs in GCs, it is useful to consider the isobaric
model as an optimistic case. In this case, CRs are more clustered around the GC center, so
the neutrino flux is enhanced for the same total CR energy. In figure 16, we show forecasted
neutrino constraints on the CR energy fraction in the isobaric model, Xcr. More massive
GCs are expected to be larger energy reservoirs and the neutrino flux is proportional to n2

N
rather than nN , so the order among the five clusters changes from that in figure 15. One sees
that the Perseus cluster gives the most stringent neutrino constraint, Xcr ! 0.03 for s = 2.
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Relevance of g rays for Testing CR Reservoir Models

Candidate sources should be seen by CTA or HAWC (if sn=2.18)

as long as TeV g rays can escape (should be OK in CR reservoirs) 

preliminary (optimistic)

KM & Waxman 16 PRD

• Fermi results → g-ray spectra of pp sources should be hard (s<2.1-2.2) 

• For a given complete catalogue, g-ray searches are powerful

• Neutrino point-source candidates should be clearly seen in g rays

future CTA. The 5σ significance discovery potential for
point sources is used. We consider 2.0 ≤ s≲ 2.2. The upper
limit on s is set by the isotropic diffuse gamma-ray
background measured in the 0.1–820 GeV range
(gamma-ray sources with larger values of s that explain
the observed IceCube neutrino intensity produce a
gamma-ray background violating the Fermi data [18]).
Using Eq. (2) for CR reservoir models, the number density
of neutrino sources reachable by gamma-ray detectors is
approximately given by

neff0 ∼ 2 × 10−5 Mpc−3
!

E2
γΦγ

2 × 10−8 GeVcm−2 s−1 sr−1

"
3

×
!
ξz
3

"−3! Flim

10−10 GeV cm−2 s−1

"−3!ΔΩ
2π

"
2

: ð10Þ

For Fermi-LAT (0.1–300 GeV) and HAWC (0.3–100 TeV),
which are observatories with a wide field of view, their
discovery potentials imply that SBGs and GCs or GGs,
predicting neff0 ∼ 10−5 Mpc−3, can be discovered for
s ∼ 2.2. Note that Fermi’s all-sky survey should have
yielded a detection of a few sources for sources with
s ∼ 2.2 and a density of∼10−5 Mpc−3, as expected for SBGs
and GCs or GGs. Indeed, high-energy gamma-ray emission
from several nearby SBGs has been detected [76,106],
consistent with the prediction of the SBG model in which
SBGs are the sources of IceCube’s neutrinos. The non-
detection ofGCs orGGs does not yet rule out these objects as
candidate sources, since nearby objects of this type are
extended (for Fermi’s resolution), and the flux sensitivity for
extended sources is worse than that for point sources.
For CTA (0.02–300 TeV), which is a narrow field-of-

view observatory, the single source discovery line refers to

a study of catalogs of known sources which are suggested
as neutrino source candidates, assuming 50 hr integration
per source. We do not assume the survey mode. Figure 7
implies that, if SBGs or GCs or GGs or perhaps RL AGN
are responsible for the observed high-energy neutrino flux,
single neutrino source candidates found by IceCube-Gen2
via, e.g., multiplet or stacking analyses should be discov-
ered with multi-TeV gamma-ray observations (even for a
hard spectral index s ¼ 2.0). We note that follow-up
observations of high-energy muon neutrino events would
also be useful.
Among the nearby (< 100 Mpc) SBGs in the catalog

used in Ref. [76], 18 SBGs have LIR ≳ 1011L⊙, which can
be representative neutrino sources in the calorimetric SBG
model. The promising targets in the northern sky include
NGC 2146, NGC 1068, Arp 299, NGC 6701, NGC 7771,
NGC 7469, Arp 220, Mrk 331, NGC 828, Arp 193, and
NGC 6240, which can be detected by CTA if SBGs are the
sources of IceCube’s neutrinos.
For RL AGN, all 3FGL sources will be promising targets

for CTA. An important test is the measurement of time
variability. If neutrinos and gamma rays are produced via
inelastic pp interactions in their host galaxies or cluster
environment, significant variability is not expected.
Variable gamma-ray emission can exclude CR reservoir
models for RL AGN and will favor the emission from core
regions (where the internal attenuation may be relevant).
Finally, we note that a lower limit on the source density

may be obtained from the upper limit on the anisotropy in
the extragalactic gamma-ray background measured by
Fermi (Cp ≤ 2 × 10−20 cm−4 s−2 sr−1 at 20 GeV [111],
where Cp is the angular power spectrum). The recent
results obtained via the photon count fluctuation analyses
[22,23,112,113] can be used for additional constraints, and
the cross-correlation gives stringent limits on contributions
from star-forming galaxies including SBGs [114].

VI. DISCUSSION AND SUMMARY

We have derived in Sec. II constraints on the density and
luminosity of steady standard candle neutrino sources
dominating the high-energy, ≳100 TeV, neutrino flux
detected in IceCube, based on the nondetection of “point
sources” producing high-energy multiple neutrino-induced
muon tracks in the detector. The limits are given in Eqs. (7)
and (8) and illustrated in Figs. 3 and 4 [an upper limit on the
density of steady sources at a given luminosity, which is
valid for sources that do not necessarily dominate the flux,
is given in Eq. (5)].
These limits were applied in Sec. III to a wide range of

potential source classes, taking into account their redshift
evolution and LF. While the distribution of electromagnetic
luminosities, i.e. the photon LF, of different classes of
objects are known, the neutrino LFs of most source classes
are not known and are model dependent. We therefore did
not attempt a comprehensive analysis under different model
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FIG. 7. The local (z ¼ 0) number density of neutrino sources,
whose gamma-ray counterparts can be discovered by the current
Fermi (with eight-year observation), HAWC (with five-year
observation), and future CTA (with 50 hr observation per source).
We consider pp sources with EγLEγ

≈ 2ðEγ=2E0
νÞ2−s½EνLEνμ

%E0
ν

(see the text for details). The solid red line corresponds to the
neutrino luminosity density indicated by the IceCube observa-
tion, as indicated by Eq. (6). The SFR evolution is assumed.

CONSTRAINING HIGH-ENERGY COSMIC NEUTRINO … PHYSICAL REVIEW D 94, 103006 (2016)

103006-11



CR Reservoirs



Starburst/Star-Forming Galaxies: Basics

• High-surface density 
M82, NGC253: Sg~0.1 gcm-3 → n~200 cm-3

high-z MSG: Sg~0.1 g cm-3 → n~10 cm-3

submm gal. Sg~1 gcm-3 → n~200 cm-3

• CR accelerators
Supernovae, hypernovae, GRBs, 
Super-bubbles (multiple SNe)
Galaxy mergers, AGN

(SFG CR energy budget ~ Milky Way CR budget is ~10 times larger)

SBG CR luminosity density
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[39], we have "max
p ! ð3=20ÞðVs=cÞeBrsh $ 1:2 EeVB%6:5

Vs;8:5M
1=3
15 [40] that can exceed 100 PeV.

While CRs are injected by multiple AGN and/or IGSs
for tinj$ a few Gyr, the confined CRs produce neutrinos
with hard spectra (even after tdyn ! rsh=Vs for an IGS). For

100 PeV protons to be confined in GCs, the coherence
length of lcoh * 0:34 kpcB%1

%6:5"p;17 is needed. Assuming
the Kolmogorov turbulence with lcoh $ 10–100 kpc

[39], we have the CR diffusion time, tdiff ! ðr2vir=6DÞ ’
1:6 Gyr "%1=3

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

"bp!51 PeVB%6:5ðlcoh=30 kpcÞ%2M2
15ðtinj=2GyrÞ%3 from

tdiff ¼ tinj. The confinement of CRs with & "bp $
100 PeV can lead to hard spectra at & "b! $ 0:04"bp $
2 PeV, while CRs with * "bp escape into extracluster
space, making neutrino spectra steeper at * "b!.

Using typical intracluster densities !n$ 10%4 cm%3

[26,36], with a possible enhancement factor g$ 1% 3
[26,41], we get fpp ’ 0:76' 10%2 g !n%4ðtint=2 GyrÞ.
Then, we achieve E2

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

which can explain the INB flux [43]. A neutrino break
naturally arises from tdiff ¼ tinj. Or, it may come from a

broken power-law CR injection spectrum [44,45] that has
been suggested to explain CRs above 100 PeV [11,45].

B. Star-forming galaxies

SFGs contain many supernova (SN) remnants that
are promising CR accelerators. Their CR budget is
Qcr $ 8:5' 1045 ergMpc%3 yr%1 "cr;%1%SFR;%2 [46].
The star-formation rate is %SFR $ 10%2M( Mpc%3 yr%1

for main-sequence galaxies (MSGs) and %SFR $
10%3M( Mpc%3 yr%1 for SBGs [47]. At the Sedov radius

RSed, the proton maximum energy is "max
p ! ð3=20Þ'

ðVej=cÞeBRSed ’ 3:1 PeVB%3:5E
1=3
ej;51V

1=3
ej;9n

%1=3, where Eej

and Vej are the ejecta energy and velocity. SN shocks or

their aggregation can achieve the knee energy when B is
high enough (e.g., [34,48,49]). The Galactic CR spectrum
is dominated by heavy nuclei above the knee, so SFGs
cannot explain the INB at * 0:1 PeV unless CRs are
accelerated to higher energies in other galaxies. But higher
values B$ 1% 30 mG indicated in SBGs [50] potentially
give "max

p $ 100 PeV. Also, "max
p * 100 PeV is expected

for powerful supernovae (SNe) including hypernovae and
transrelativistic SNe [51]. Their fraction is typically a few
percent of all SNe, but we note that they could be more
common at higher redshifts and may contribute to the INB.

Nearby SBGs like M82 and NGC 253 have a column
density of #g $ 0:1 g cm%2 and a scale height of h$
50 pc [49], while high-redshift starbursts in submillimeter
galaxies have #g $ 1 g cm%2 and h$ 500 pc [52], imply-
ing !n ! #g=ð2hmpÞ $ 200 cm%3. High-redshift MSGs
have #g $ 0:1 g cm%2 and h$ 1 kpc [53], implying
!n$ 10 cm%3. At low energies, CRs are confined in the

starburst-driven wind (with its velocity Vw) and advection
governs escape, tesc!tadv!h=Vw’3:1Myr ðh=kpcÞV%1

w;7:5.

Comparing with the pionic loss time tpp !
2:7 Myr#%1

g;%1 ðh=kpcÞ gives fpp ! 1:1#g;%1V
%1
w;7:5ðtesc=

tadvÞ. Therefore, CRs are significantly depleted by meson
production during their advection [13,49]. At higher
energies, the diffusive escape becomes important [54].
The confinement of 100 PeV protons requires the critical
energy of "c ¼ eBlcoh > 100 PeV, leading to lcoh *
0:34 pcB%1

%3:5"p;17. The diffusion coefficient at "c is Dc ¼
ð1=3Þlcohc, below which D ¼ Dcð"p="cÞ# (for #$ 0–1).
Then, we have limits of tdiff & 7:2 MyrB%1

%3:5 ðh=kpcÞ2 at
100 PeV and D0 * 2:3' 1025 cm2 s%1 for D ¼ D0ð"p=
GeVÞ1=3 in the Kolmogorov turbulence. The diffusion time

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

If proton calorimetry largely holds [55], MSGs and
SBGs may have E2

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

sufficient for the INB flux [13]. A break could come from
tdiff ¼ tpp or tdiff ¼ tadv. But we may simply expect a PeV
cutoff due to "cut! $ 0:04"max

p for "max
p $ 100 PeV (e.g., by

hypernovae), where the locally observed CRs above
$100 PeV would have different origins.

IV. SUMMARYAND DISCUSSION

A crucial step towards revealing the origin of the IceCube
signal is the discrimination between pp and p$ scenarios.
For pp scenarios, combing the new IceCube and recent
Fermi data leads to strong upper limits on $ and lower limits
on the diffuse IGB contribution. The results are largely
independent of source models, redshift evolution, and the
existence of a multi-PeV neutrino break/cutoff. They are the
first strong constraints with themeasured neutrino and $-ray
fluxes. Further multimessenger studies in the near future can
test the pp scenarios by (a) determining $ by sub-PeV
neutrino observations with IceCube, (b) improving our
knowledge of the sub-TeV diffuse IGB, and (c) observing a
number of the bright individual sources that should have hard
spectra, by TeV $-ray observations especially with CTA.
Also, IceCube may detect nearby GCs via stacking [26],
giving another test of the IGS scenario, while it seems
difficult to see individual SFGs [49].
We considered the origin of a possible break/cutoff,

which is favored by the present data since pp scenarios
require $ & 2:1–2:2. If it is real, it may provide clues to
sources of observed CRs. Neutrino sources are not neces-
sarily related to such sources due to the low maximum
energy, severe CR depletion, and intervening magnetic
fields. But, as suggested in [11,45], some models for
observed CRs can have soft spectra of escaping CRs at
*100 PeV and hard neutrino spectra below PeV.
Our results are useful for constructing specific source

models. For example, if the INB is explained by hypernovae
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Gamma-Ray Detection from Starbursts

Starbursts have been detected in GeV-TeV gamma rays

Ackermann+ 12 ApJ, Tang+ 14 ApJL, Peng+ 16 ApJL, Griffin+ 16 ApJL
MeV BACKGROUND FROM STAR-FORMING GALAXIES 13

FIG. 6.— The predicted γ-ray luminosity spectrum of M82, compared to X-ray (total, stars: Cappi et al. 1999; Miyawaki et al. 2009; Cusumano et al. 2010;
diffuse, square: Strickland & Heckman 2007) and γ-ray (Abdo et al. 2010f; Acciari et al. 2009) observations. The different components to the emission are
synchrotron (dash/dotted), positron annihilation (long-dashed/short-dashed), nucleosynthetic γ-ray lines (grey lines), bremsstrahlung (short-dashed), IC (dotted),
and pionic emission (long-dashed). The total emission are the solid lines, black including γγ absorption on the sightline to Earth and grey without it. The grey
bands are the range spanned by all selected models of M82. Emission from CCSNe is not included. The X-ray emission mostly comes from X-ray binaries and
thermal emission from gas and is not included in our fitting. As in Figure 3, note the different energy binnings for the lines.

TABLE 3
GAMMA-RAY LINE STRENGTHS FROM M82

Linea Eγ Sourceb Fiducial Low-B Fiducial High-B
Luminosity Photon Flux Luminosity Photon Flux

MeV ergs s−1 ph cm−2 s−1 ergs s−1 ph cm−2 s−1

e+ annih. 0.511 CR (hadr.) 1× 1036 1× 10−9 2× 1036 2× 10−9
Nucleo. 2× 1037 1× 10−8 2× 1037 1× 10−8

26Al decayc 1.809 Nucleo. 7× 1037 2× 10−8 7× 1037 2× 10−8
60Fe decayc 1.173 Nucleo. 5× 1036 2× 10−9 5× 1036 2× 10−9

1.333 Nucleo. 5× 1036 2× 10−9 5× 1036 2× 10−9
44Ti decayc 1.157 Nucleo. 1× 1037 4× 10−9 1× 1037 4× 10−9
4He de-ex. 0.429 CR (broad) 2× 1032 2× 10−13 4× 1032 4× 10−13
4He de-ex. 0.478 CR (broad) 2× 1032 2× 10−13 5× 1032 4× 10−13
12C de-ex. 4.438 CR (narrow) 3× 1034 2× 10−12 5× 1034 5× 10−12

CR (broad) 4× 1034 4× 10−12 8× 1034 7× 10−12
16O de-ex. 6.129 CR (narrow) 1× 1034 9× 10−13 3× 1034 2× 10−12

CR (broad) 2× 1034 1× 10−12 3× 1034 2× 10−12
16O de-ex. 6.916 CR (narrow) 3× 1033 2× 10−13 6× 1033 4× 10−13

CR (broad) 4× 1033 3× 10−13 9× 1033 5× 10−13
16O de-ex. 7.115 CR (narrow) 3× 1033 2× 10−13 7× 1033 4× 10−13

CR (broad) 4× 1033 3× 10−13 9× 1033 5× 10−13
12C de-ex. 15.10 CR (narrow) 5× 1032 1× 10−14 1× 1033 3× 10−14

CR (broad) 1× 1033 3× 10−14 2× 1033 7× 10−14
a “Annih.” abbreviates annihilation and “de-ex.” abbreviates de-excitation.
b “Nucleo.” stands for γ-ray lines produced by short-lived radioisotopes produced directly by stellar isotopes,
while “CR” stands for γ-ray lines powered by CRs interacting with the ISM. For de-excitation lines, “narrow”
stands for the line component produced by the ISM atoms after being hit by a CR, while “broad” stands for the
Doppler-shifted line component emitted by the CRs after hitting an ISM atom. For the positron annihilation line,
“hadr.” stands for hadronic positrons.
c The nucleosynthetic γ-ray lines have exactly the same luminosities and fluxes in the high-B and low-B models.
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Figure 1. Sky maps of M82 (a, [20]) and NGC253 (b, [23]), and their combined GeV and TeV �-ray spectra (c, [22]; d, [23]). e)
Arp 220: �-ray flux upper limits from 5.8 years of Fermi-LAT data along with the MAGIC data and model predictions (full line,
[24]). Note the conversion of energy flux into SI units is 1Wm�2 = 103 erg cm�2 s�1 = 6.24 ⇥ 108 MeVcm�2 s�1.

be combined with measurements at lower energies to study the ISM conditions in starburst regions. The third
question that can be answered with �-ray observations is whether or not equipartition between CRs, magnetic
fields and radiation fields hold in the extreme environments of starburst galaxies. With their greatly enhanced
SFR and SN rate, starburst galaxies o↵er an independent probe for the SNR paradigm for CR origin.

2. �-ray emission from starburst galaxies – Observations

2.1. GeV and TeV observations of starburst galaxies

Given the expected CR energy input from SN explosions and the dense gas present in starburst nuclei, the
nearby starburst galaxies M82 and NGC253 have long been predicted to emit � rays at a detectable level [e.g.
14, 15, 16]. The previous generation of satellite-based instruments such as EGRET, and ground-based imaging
atmospheric Cherenkov telescopes like HEGRA were, however, not quite sensitive enough to detect this �-ray
emission and only reported upper limits [17, 18].

It was the currently operating generation of �-ray instruments that finally allowed us to detect NGC253 and
M82. The H.E.S.S. and VERITAS collaborations reported on the detection of both objects in VHE � rays in 2009
[19, 20]. Shortly after the TeV discoveries, the Fermi collaboration reported on the detection of both starbursts
at GeV energies with the Large Area Telescope (LAT) in 2010 [21]. Since then, the Fermi-LAT GeV data sets
increased compared to the original publication [22] and H.E.S.S. published a detailed spectral and morphological
study of NGC253 [23].

3

gases inside the galaxies. This may especially be the case with
Arp 220, as it has a high supernova rate and high gas density.
Alternatively, Arp 220 could have hidden AGNs (Paggi
et al. 2013; Teng et al. 2015), which in principle could give
rise to gamma-ray emission as well. CR-induced gamma-ray
emission in a star-forming galaxy is expected to be stable,
while gamma-ray emission induced by AGNs should be
temporally variable (Gasparrini et al. 2015). Thus, we examine
the flux variability of Arp 220 (P1). We create a set of time bins
for the light curve of photons with energy >400MeV. In the
first trial, the full observation period is divided linearly into five
equal time bins. Each time bin is fitted by a separate maximum
likelihood analysis, resulting in each bin having a detection
significance TS>4. We further check a finer light curve with
12 time bins. The χ2 goodness-of-fit test is consistent with a
constant flux with a reduced χ2 of 0.83 for data points with a

detection significance TS>1. The results are shown in
Figure 2. None of the two cases show significant changes in
flux over the period of LAT observations.7 Generally speaking,
the temporal behavior of GeV emission from Arp 220
resembles that of other starburst galaxies, such as M82 and
NGC 253.
Meanwhile, there is a clear positive empirical relation

between the γ-ray luminosity L0.1−100 GeV and total infrared
luminosity L8−1000 μm in local group galaxies and nearby star-
forming galaxies8(Ackermann et al. 2012). With a pure sample
of star-forming galaxies, Tang et al. (2014) have drawn a
similar relation and extended the relation to a luminous infrared
galaxy NGC 2146. The best simple linear fit for nearby star-
forming galaxies excluding Arp 220 gives a relation of
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1
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1

(see Figure 3), where α=−14.98±4.87 and
β=1.24±0.11 are the intercept and slope, respectively.
The Pearson’s correlation coefficient is 0.98, with a chance
probability of p∼10−4. With a luminosity of L0.1
−100 GeV=1.78±0.30×1042 erg s−1, Arp 220 is consistent

Table 1
The Best-fit Spectral Parameters of the Point Sources around the Arp 220 Region for Energy Band 0.2–100 GeV

Point Position r95 Separation Photon Flux Energy Flux Γ TS Association
(degree) (degree) (degree) (10−9 ph cm−2 s−1) (10−12 erg cm−2 s−1)

P1 (233.677, 23.5163) 0.090 0.058 1.76±0.52 1.92±0.43 2.35±0.16 40 Arp 220
P2 (233.239, 23.8049) 0.279 0.547 1.45±0.52 1.39±0.40 2.45±0.19 22 L

Note.The fourth column is the angle distance between the best-fit position of γ-ray excess and the position of Arp 220.

Figure 2. Upper panel: Fermi/LAT (0.4–100 GeV) light curves of P1 (Arp
220). The blue (cyan) data points indicate the light curve for five (twelve) time
bins. The red dashed line illustrates the maximum likelihood flux level for the
∼7.5 year observations. Bottom panel: The spectral energy distribution of P1
(Arp 220). The upper limits of two blue data points are at the 95% confidence
level. The red dashed line illustrates the best-fit power-law spectral model in
0.2–100 GeV with the unbinned analysis. The black data point is derived from
the integral upper limit flux observed by VERITAS (Fleischhack et al. 2015).

Figure 3. Gamma-ray luminosity (0.1–100 GeV) vs. total infrared luminosity
(8–1000 μm) for LAT-detected star-forming galaxies and Seyferts. The red
solid line is the best-fit power-law relation for star-forming galaxies only (black
filled circles). Two dotted lines represent its 95% confidence level region
around the best fit. Arp 220, marked with the blue filled circle, lies on the
extrapolation of this relation to higher luminosity. The total infrared luminosity
data are taken from Gao & Solomon (2004), and γ-ray luminosities are taken
from Ackermann et al. (2012) and Tang et al. (2014).

7 The gamma-ray excess indicated by the P7 data in Tang et al. (2014) is
located at a position within r95 of P2, so this excess has nothing to do with Arp
220 (P1). The source of this gamma-ray excess in Tang et al. (2014) was likely
FSRQ CRATES J153246+234400, which shows variability.

8 Although the origins of the high-energy emission of two starbursting Seyfert
2 galaxies NGC 1068 and NGC 4945 are not yet definitely established, the lack
of γ-ray variability and the consistent behavior with this correlation favor a CR
origin.
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FIG. 1.— Test statistic map obtained from photons above 200 MeV showing the celestial region (1.8◦ by 1.8◦, a pixel with 0.03×0.03 squared-degrees) around
NGC 2146. The black empty triangle indicates the optical position of NGC 2146; black lines show the 1σ, 2σ, and 3σ confidence level contours on the position
of the observed gamma-ray excess. The color scale indicates the point-source TS value at each location on the sky.

FIG. 2.— Left: Spectral energy distribution for NGC 2146 obtained in the analysis of the 68 months of data as described in the text. The black solid line
represents the best-fit power law in the range of 0.2–100 GeVas shown in Table 1. Right: Gamma-ray (>400 MeV) light curve for NGC 2146 obtained in the
analysis of the 68 months of data. The 68 month observation period was divided into 10 time intervals for analysis. The dashed black line shows the maximum
likelihood flux level obtained for the full 68 months observation period. One-σ errors are shown for energy bins with TS>1 and 95% confidence-level upper
limits are shown otherwise.

The Astrophysical Journal, 755:164 (23pp), 2012 August 20 Ackermann et al.
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Figure 2. Spectral energy distributions for four starburst galaxies significantly detected in high-energy gamma rays. 95% confidence upper limits are indicated in
energy bins with detection significance TS < 1. The best-fit power-law spectral model is shown for each galaxy in the energy range used for the maximum likelihood
analysis (0.1–100 GeV, solid) and in extrapolation to neighboring wavebands (dashed). Flux measurements produced by imaging air-Cerenkov telescopes are included
for M82 (VERITAS; Acciari et al. 2009) and NGC 253 (H.E.S.S.; Ohm et al. 2011), and flux upper limits above 210 GeV are shown for NGC 1068 (H.E.S.S.;
Aharonian et al. 2005). The uncertainties depicted for LAT flux measurements represent combined statistical and systematic uncertainties.
(A color version of this figure is available in the online journal.)

analysis which follows, we will consider both the full sample
of analyzed galaxies, and a subsample with galaxies hosting
Swift-BAT-detected AGNs removed.

4.3. Multiwavelength Luminosity Comparisons

Many authors have proposed scaling relationships between
galaxy SFRs and gamma-ray luminosities motivated by the
connections between interstellar gas, star formation, SNe, and
CRs (e.g., Pavlidou & Fields 2002; Torres et al. 2004; Thompson
et al. 2007; Stecker 2007; Persic & Rephaeli 2010; Lacki
et al. 2011). We now examine relationships between gamma-
ray luminosity and several photometric tracers of star formation
taking advantage of the 3 year accumulation of LAT data.

The radiative output of star-forming galaxies across much
of the electromagnetic spectrum is related to the abundance of
short-lived massive stars. Many photometric estimators of the
recent star formation histories of galaxies have been used. Total
IR luminosity 8–1000 µm is one well-established tracer of the
SFR for late-type galaxies (reviewed by Kennicutt 1998a). The
conversion proposed by Kennicutt (1998b),

SFR
M⊙ yr−1

= ϵ1.7 × 10−10 L8–1000 µm

L⊙
, (1)

assumes that thermal emission of interstellar dust approxi-
mates a calorimetric measure of radiation produced by young
(10–100 Myr) stellar populations. All SFRs quoted in this work
consider the stellar mass range 0.1–100 M⊙. The factor ϵ de-
pends on the assumed initial mass function (IMF), with ϵ = 1 for
the Salpeter (1955) IMF originally used by Kennicutt (1998b).
We will use ϵ = 0.79 to convert57 to the Chabrier (2003) IMF,
proposed after further studies of star formation in the 0.1–1 M⊙
mass range.

Several other photometric SFR estimators have been cali-
brated using the Kennicutt (1998b) total IR luminosity rela-
tion. These include RC luminosity at 1.4 GHz produced by
synchrotron-emitting CR electrons (Yun et al. 2001),

SFR(M⊙ yr−1) = ϵ(5.9 ± 1.8) × 10−22L1.4 GHz(W Hz−1), (2)

and HCN J = 1–0 line luminosity indicating the quantity
of dense molecular gas available to form new stars (Gao &
Solomon 2004b),

SFR(M⊙ yr−1) = ϵ1.8 × 10−7LHCN(K km s−1 pc2). (3)

57 We use the conversion factor proposed by Crain et al. (2010) for SFRs
estimated from total IR luminosity: SFRChabrier = 0.79 SFRSalpeter.
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Lacki, Horiuchi & Beacom 14 ApJ

NGC 2168 Arp 220

hadronicleptonic+hadronic

AGN? AGN?



Luminosity Function & Calorimetry

SFR ∝ LIR (Kennicutt law)  

Lg ∝LIR
1.17

(basic agreement w. calorimetry)

→ “typical” muon neutrino luminosity:

ELE ~ 2x1040 erg s-1

“effective” density: n0~10-5 Mpc-3

can be reached by Gen2 (KM & Waxman 16)

Redshift evolution: m~3-4 up to z~1 for (1+z)m

(Fermi collaboration 12 ApJ)

Grupionni+ 13 MNRAS
LF is described by the Schechter function

a~1, L*~1011 Lsun: typical infrared luminosity



Star-Forming/Starburst Galaxies, ns, gs

Starbursts can potentially explain n and g simultaneously, but keep in mind
• Normalization is uncertain (Lg-LIR, uncertain AGN contribution)
• Spectral indices are uncertain (could be sSB=2.0 at high energies)

Tamborra, Ando & KM 14 JCAP

���


���	


� �
��

���
�
��
��
�
��
��
��
��
��
� � ��������

!" #

!" $

%&
'()
%*
'+,

-.
'/
0
 &
'1
 !
'1
2 
! 3  456&7"8

(/-9:;-

!')<=='>=<?@21*

"

!" #

!" $

%&
'()
%*
'+,

-.
'/
0
 &
'1
 !
'1
2 
! 3  456&7!8

!" ! !"" !"! !"# !"$ !"% !"& !"'

!" (

!" '

)*+,-./

)#
*01
)2
*+,

-.
*3
4
 #
*5
 !
*5
6 
! /  789#:$

Figure 5. Di↵use gamma-ray (in magenta) and neutrino intensity (in dashed black) E2I(E) as a
function of the energy for our canonical model, assuming �

SB

= 2.05, 2.15 and 2.3 (from top to
bottom). The Fermi data [5] are marked in red, while the IceCube region is plotted in light blue [35].
The EBL attenuation is taken into account for gamma rays (magenta continue lines), the di↵use
gamma-ray intensity without EBL attenuation is plotted with magenta dashed lines for comparison.
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Figure 3. Di↵use gamma-ray intensity E2

�I�(E�) as a function of the energy (without EBL correction)
for the di↵erent EGRB components: NG in green, SB in blue, SF-AGN= SF-AGN (SB) + SF-AGN
(non-SB) in black, and their sum in magenta. The Fermi data [5] are plotted in red.

in order to explain all the IceCube data, we need to consider harder spectral indices (see
section 4) or another source component such as galaxy groups/clusters, AGN, and gamma-
ray bursts. Note that the di↵use neutrino intensity at TeV-PeV energies is dominated by SB
and SF-AGN (SB), and contributions from NG and SF-AGN (non-SB) are negligible because
of our assumption of �NG = 2.7. In addition, we have assumed that the neutrino spectrum can
be extrapolated up to PeV energies. However, as discussed below (see section 5), this requires
that protons are successfully accelerated to ⇠ 100 PeV energies, implying that the cosmic-
ray spectrum of extragalactic star-forming galaxies is di↵erent from that in the MW. For
comparison, the di↵use neutrino intensity including an exponential cuto↵ exp(�E⌫/80 TeV)
is plotted in violet, motivated by the fact that the MW cosmic-ray nucleon spectrum has a
suppression at the knee [74].

4 Fermi and IceCube bounds on the starburst injection spectra and abun-
dance

The injection spectra of the gamma rays of the starbursts are poorly constrained as well as
the fraction of SF-AGN with an energy spectrum similar to SB as discussed in sections 2.1
and 2.4. In this section, we first treat �SB as a free parameter compared to our canonical
model, and then change the fraction of SF-AGN with SB-like injection spectra. We compute
the resultant di↵use intensities compatible with both the Fermi and IceCube data. It would

– 11 –

sSB=2.15
sNG=2.7



nominal value to delimit the physically expected range of
1a 0.5. The IceCube neutrino and Fermi-LAT EGB observa-

tions are shown by the blue and red data points, respectively.
The black solid line is the predicted total diffuse neutrino flux,
and the red solid line represents the gamma-ray flux. The black
dashed and dotted lines represent the contribution to the
neutrino flux from SNe and HNe, respectively. We can see that
HNe dominate the PeV neutrino flux, while SNe only
contribute up to sub-PeV neutrino energies. However, this
case based on the conventional assumptions cannot explain the
IceCube data, suggesting that the HN rate would need to be
enhanced to explain the neutrino data. This difficulty in getting
a good combined n g, fit for this conventional case is
compatible with the independent generic arguments of Bechtol
et al. (2015) against SBGs being the dominant sources of
IceCube neutrinos.

Obviously, we would expect to increase the fraction of HN
contribution because they can achieve higher CR energies.
Figure 2 shows what happens if we increase the HN kinetic
energy to 1052.5 erg. The blue solid line is the diffuse neutrino
flux, which satisfies the observations better now, although it is
still below the 1σ range of the last data point. The SN
contribution is the blue dashed line, and the HN contribution is
the blue dotted line. Except for �HNe, all other parameters are
the same for the black lines in this figure. The corresponding
gamma-ray flux is the green solid line, which is still in the
allowed range. In this case, the ratio between the HN and SN
contribution is � *

� *
z º = ~h

h
´

´ ´
210 3 %

5 10 97 %
HN HN

SN SN

52.5

50 , compared to

z ~ 0.6 for the � = 10HN
52 erg case. We can draw a rough

conclusion that 2z 1 is needed for a good fit.
In addition, we consider more realistic cases where
µ aL tCR , for various α. We plot the combined fits for

different values of α in Figure 3. The neutrino spectrum shape
is seen to depend on α. Looking at the results for a = 0 and for
positive values a = 1, 2 (although the positive values are
unlikely to occur), we see that all three neutrino spectral curves
decrease sharply at the high-energy end, undershooting the

data. One way to address this might be to increase the rate of
HNe (or to choose a very large SBG fraction xSBG), thus
increasing the energy input of HNe so as to reach the IceCube
data, but this inevitably gives rise to an increased gamma-ray
flux, which would overshoot the Fermi data. However, for the
physically more reasonable negative α values, the neutrino
spectrum is “flatter” (since at later times in the HN evolution
both the maximum energy and the flux decrease) and more
energy is evident in the flux at the high-energy end, so
we do not need such a high fraction of HNe as before. We
can see that the last IceCube data point is reachable for
a = -2 and a = -3 using a quite conservative HN fraction
* *= 3%HNe CCSNe. Clearly, negative values of α are more
favorable from an observational point of view.
Generally, the parameter space gets larger for smaller α. The

major parameters that we can adjust in our fits include the SBG
upstream magnetic field; the kinetic energies � �, ;SN HN the pre-
shock medium number density n0; the HN fraction * ;HN and
the CR acceleration efficiency η. The nominal values used here
are in the observationally reasonable range, e.g., =B 4 mG
(e.g., Thompson et al. 2006; Robishaw et al. 2008; Beck 2016),
� �~ ~10 erg, 10 ergSN

50 51
HN

52 53– – (e.g., Iwamoto
et al. 1998; Mazzali et al. 2003), ~ -n 1 cm0

3(Draine &
Woods 1991; Chevalier & Claes 2001; Koo et al. 2007; Fox
et al. 2011), * *- 0.04HNe CCSNe (Guetta & Della Valle 2007;
Arcavi et al. 2010), and h < 1 (physically required). For
illustration, Figure 4 shows what happens if we change the
SBG upstream magnetic field. A stronger field helps to explain
the observations. The key issue here is that we wish to achieve
higher maximum proton energies in order to account for PeV
neutrino flux.
Alternatively, given the contribution of other sources such as

blazars to the Fermi gamma-ray background (Bechtol
et al. 2015; Fermi-LAT Collaboration 2016), we can provide

Figure 2. Same as Figure 1, but with � = 10 ergHNe
52.5 . The blue solid line is

the total neutrino flux, which is the sum of SN (blue dashed line) and HN (blue
dotted line) contributions. The green solid line is the diffuse gamma-ray flux in
this case. The SBG magnetic field is set to B = 4 mG. Black lines show the
neutrino spectrum for a � = 10 ergHNe

52 case for comparison (SNe—black
dashed; HNe—black dotted; total—black solid), while the red solid line is the
corresponding diffuse gamma-ray flux.

Figure 3. Combined fits of diffuse neutrino flux and gamma-ray flux for -z 4
and different values of the SNR evolution parameter α of Equation (3). The
IceCube and Fermi-LAT EGB observations are shown by blue and red data
points, respectively. All parameters are the same as in Figure 2, with predicted
neutrino fluxes and gamma-ray fluxes shown by different sets of lines for
different α. The values for a = -3 are the black solid line and red solid line;
a = -2 are the black dashed line and red dashed line; a = -1 are the black
dotted line and red dotted line; a = 0 are the blue solid line and green solid
line. For completeness, we also show cases for positive α: a = 1 are the blue
dashed line and green dashed line; a = 2 are the blue dotted line and green
dotted line.
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Figure 4. Di↵use neutrino intensity E2

⌫I⌫(E⌫) as a function of the energy. The magenta line is the
flux obtained adopting the luminosity function approach, the pink band defines the uncertainty band
coming from Eq. (2.4). The IceCube estimated flux as from [35] is marked by the light blue band. Our
computed flux falls within the astrophysical uncertainties on the IceCube region at ⇠ 0.5 PeV energies.
For comparison the di↵use neutrino intensity including an exponential cuto↵, exp(�E⌫/80 TeV), is
plotted in violet.

intensity is always slightly lower than the Fermi data, �
SB

= 2.05 is currently excluded by
the IceCube data (top panel). In order to allow such hard spectra, lower ratios of L� to
L
IR

are needed. On the other hand, interestingly, an injection spectral index �
SB

= 2.15
can almost explain the Fermi and IceCube data at the same time (middle panel), although
some contributions from other gamma-ray source populations are needed to fit the di↵use
EGRB spectrum. The panel on the bottom shows the di↵use intensities of gamma rays and
neutrinos for �

SB

= 2.3: The resultant gamma-ray intensity is lower than the one measured
by Fermi and the corresponding neutrino flux falls below the IceCube band. In order to
give an idea of the role of the EBL attenuation for various spectral indices, in Fig. 5 we plot
the di↵use gamma-ray intensity without EBL attenuation (dashed magenta line). Note as it
closely follows the di↵use neutrino intensity and the EBL attenuation is stronger for harder
spectral indices.

In our canonical model we have assumed the spectrum with �
SF�AGN(non�SB)

= �
NG

and �
SF�AGN(SB)

= �
SB

, as described in Sec. 2.2. However, besides �
SB

, also �
SF�AGN

is
pretty uncertain and might not follow the distribution adopted in out canonical model. For
example, Seyfert systems (belonging to the SF-AGN class) are classified as SF-AGN (non-
SB) according to Herschel [27], while Fermi classifies the observed Seyferts systems NGC

– 12 –

Necessity of Super-Pevatrons

Possible solutions
1. B fields amplified to ~ mG
2 .Hypernovae (HNe)
3. Trans-relativistic supernovae

gamma-ray bursts
4. Type IIn/IIb supernovae
5. Super-bubbles
6. AGN disk-driven outflows
7. Galaxy mergers

Our Galaxy’s CR spectrum
Knee at 3 PeV
→ neutrino knee at ~100 TeV

Normal supernovae (SNe) are not 
sufficient to explain >0.1 PeV data
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AGN jet luminosity density

[39], we have "max
p ! ð3=20ÞðVs=cÞeBrsh $ 1:2 EeVB%6:5

Vs;8:5M
1=3
15 [40] that can exceed 100 PeV.

While CRs are injected by multiple AGN and/or IGSs
for tinj$ a few Gyr, the confined CRs produce neutrinos
with hard spectra (even after tdyn ! rsh=Vs for an IGS). For

100 PeV protons to be confined in GCs, the coherence
length of lcoh * 0:34 kpcB%1

%6:5"p;17 is needed. Assuming
the Kolmogorov turbulence with lcoh $ 10–100 kpc

[39], we have the CR diffusion time, tdiff ! ðr2vir=6DÞ ’
1:6 Gyr "%1=3

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

"bp!51 PeVB%6:5ðlcoh=30 kpcÞ%2M2
15ðtinj=2GyrÞ%3 from

tdiff ¼ tinj. The confinement of CRs with & "bp $
100 PeV can lead to hard spectra at & "b! $ 0:04"bp $
2 PeV, while CRs with * "bp escape into extracluster
space, making neutrino spectra steeper at * "b!.

Using typical intracluster densities !n$ 10%4 cm%3

[26,36], with a possible enhancement factor g$ 1% 3
[26,41], we get fpp ’ 0:76' 10%2 g !n%4ðtint=2 GyrÞ.
Then, we achieve E2

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

which can explain the INB flux [43]. A neutrino break
naturally arises from tdiff ¼ tinj. Or, it may come from a

broken power-law CR injection spectrum [44,45] that has
been suggested to explain CRs above 100 PeV [11,45].

B. Star-forming galaxies

SFGs contain many supernova (SN) remnants that
are promising CR accelerators. Their CR budget is
Qcr $ 8:5' 1045 ergMpc%3 yr%1 "cr;%1%SFR;%2 [46].
The star-formation rate is %SFR $ 10%2M( Mpc%3 yr%1

for main-sequence galaxies (MSGs) and %SFR $
10%3M( Mpc%3 yr%1 for SBGs [47]. At the Sedov radius

RSed, the proton maximum energy is "max
p ! ð3=20Þ'

ðVej=cÞeBRSed ’ 3:1 PeVB%3:5E
1=3
ej;51V

1=3
ej;9n

%1=3, where Eej

and Vej are the ejecta energy and velocity. SN shocks or

their aggregation can achieve the knee energy when B is
high enough (e.g., [34,48,49]). The Galactic CR spectrum
is dominated by heavy nuclei above the knee, so SFGs
cannot explain the INB at * 0:1 PeV unless CRs are
accelerated to higher energies in other galaxies. But higher
values B$ 1% 30 mG indicated in SBGs [50] potentially
give "max

p $ 100 PeV. Also, "max
p * 100 PeV is expected

for powerful supernovae (SNe) including hypernovae and
transrelativistic SNe [51]. Their fraction is typically a few
percent of all SNe, but we note that they could be more
common at higher redshifts and may contribute to the INB.

Nearby SBGs like M82 and NGC 253 have a column
density of #g $ 0:1 g cm%2 and a scale height of h$
50 pc [49], while high-redshift starbursts in submillimeter
galaxies have #g $ 1 g cm%2 and h$ 500 pc [52], imply-
ing !n ! #g=ð2hmpÞ $ 200 cm%3. High-redshift MSGs
have #g $ 0:1 g cm%2 and h$ 1 kpc [53], implying
!n$ 10 cm%3. At low energies, CRs are confined in the

starburst-driven wind (with its velocity Vw) and advection
governs escape, tesc!tadv!h=Vw’3:1Myr ðh=kpcÞV%1

w;7:5.

Comparing with the pionic loss time tpp !
2:7 Myr#%1

g;%1 ðh=kpcÞ gives fpp ! 1:1#g;%1V
%1
w;7:5ðtesc=

tadvÞ. Therefore, CRs are significantly depleted by meson
production during their advection [13,49]. At higher
energies, the diffusive escape becomes important [54].
The confinement of 100 PeV protons requires the critical
energy of "c ¼ eBlcoh > 100 PeV, leading to lcoh *
0:34 pcB%1

%3:5"p;17. The diffusion coefficient at "c is Dc ¼
ð1=3Þlcohc, below which D ¼ Dcð"p="cÞ# (for #$ 0–1).
Then, we have limits of tdiff & 7:2 MyrB%1

%3:5 ðh=kpcÞ2 at
100 PeV and D0 * 2:3' 1025 cm2 s%1 for D ¼ D0ð"p=
GeVÞ1=3 in the Kolmogorov turbulence. The diffusion time

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

If proton calorimetry largely holds [55], MSGs and
SBGs may have E2

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

sufficient for the INB flux [13]. A break could come from
tdiff ¼ tpp or tdiff ¼ tadv. But we may simply expect a PeV
cutoff due to "cut! $ 0:04"max

p for "max
p $ 100 PeV (e.g., by

hypernovae), where the locally observed CRs above
$100 PeV would have different origins.

IV. SUMMARYAND DISCUSSION

A crucial step towards revealing the origin of the IceCube
signal is the discrimination between pp and p$ scenarios.
For pp scenarios, combing the new IceCube and recent
Fermi data leads to strong upper limits on $ and lower limits
on the diffuse IGB contribution. The results are largely
independent of source models, redshift evolution, and the
existence of a multi-PeV neutrino break/cutoff. They are the
first strong constraints with themeasured neutrino and $-ray
fluxes. Further multimessenger studies in the near future can
test the pp scenarios by (a) determining $ by sub-PeV
neutrino observations with IceCube, (b) improving our
knowledge of the sub-TeV diffuse IGB, and (c) observing a
number of the bright individual sources that should have hard
spectra, by TeV $-ray observations especially with CTA.
Also, IceCube may detect nearby GCs via stacking [26],
giving another test of the IGS scenario, while it seems
difficult to see individual SFGs [49].
We considered the origin of a possible break/cutoff,

which is favored by the present data since pp scenarios
require $ & 2:1–2:2. If it is real, it may provide clues to
sources of observed CRs. Neutrino sources are not neces-
sarily related to such sources due to the low maximum
energy, severe CR depletion, and intervening magnetic
fields. But, as suggested in [11,45], some models for
observed CRs can have soft spectra of escaping CRs at
*100 PeV and hard neutrino spectra below PeV.
Our results are useful for constructing specific source

models. For example, if the INB is explained by hypernovae
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Figure 9. Shown are the 95% upper limits on hadronic CR-induced γ -ray flux for each of our 50 galaxy clusters in this analysis. We show the individually derived
upper limits for both the extended emission (red downward triangle) and assuming the cluster emission to be point-like (blue circle).
(A color version of this figure is available in the online journal.)

volume and improved modeling of the γ -ray sky as well as
improved instrument understanding reflected by the use of
reprocessed LAT data with on-orbit calibrations. Finally, we
note that in particular for spatially extended clusters such as
Coma or Fornax, the limits are substantially weakened with
respect to when modeling them as point-like objects.

Motivated by the Fermi-LAT detection of few bright clus-
ter galaxies (e.g., 2FGL J0627.1−3528 in A3392 and 2FGL
J1958.4-3012 in RXC J1958−3011), a recent stacking study
by Dutson et al. (2013) investigated a large sample of galaxy
clusters that was selected according to the radio flux of bright
cluster galaxies. Although based on a different scientific prior
and methodology than our cluster analysis, the determined flux
limits can be compared to the point-source upper limits re-
ported here. About a dozen clusters are in common between both
studies. However, Dutson et al. (2013) used the respective co-
ordinates of the bright cluster galaxy, which are not necessar-
ily consistent with the cluster center coordinates considered
in our studies. Given the LAT PSF (Bregeon et al. 2013) and
the considered ROIs this does not constitute a severe handicap
for comparison. The use of different exposures (45 months in
Dutson et al. 2013 and 48 months in this work), the use of differ-
ent source models, and, perhaps most particularly noteworthy,
the use of reprocessed LAT data with associated different Galac-
tic and isotropic diffuse models (gal_2yearp7v6_v0 versus
gll_iem_v05 and iso_p7v6source versus iso_clean_v05

respectively), as well as different analysis energy thresholds,
render a strict comparison more problematic. For the major-
ity of common clusters, the limits in Dutson et al. (2013) are
marginally less sensitive, as expected regarding the slightly less
exposure and the rather moderate changes in the diffuse back-
ground models.

However, there are two noticeable exceptions: A85 and
A2634 appear to have more constraining upper limits in Dutson
et al. (2013), besides less exposure and a lower analysis
threshold. The discrepancies could be explained by differences
in the construction of the ROI (treatment of variable sources,
sources to be too faint to be in the 2FGL catalog, size of ROI).
Taking the respective flux limits at face value, the differences do
not amount to more than 35% between both studies. Our limits
on extended cluster emission cannot be meaningfully compared
to the point-source upper limits in Dutson et al. (2013) as they
constitute alternative scientific priors for a different scientific
problem. However, our individual limits on the γ -ray flux, while
being specifically derived within the framework of the universal
CR model by Pinzke & Pfrommer (2010), can, in principle, be
used to constrain other classes of models.

5.5. CR-to-Thermal Pressure Ratio ⟨XCR⟩
We show the resulting upper limits on the CR-to-thermal pres-

sure ratio, ⟨XCR⟩ in Figure 11. These numbers were obtained
by scaling the ⟨XCR⟩ values in Table 1 with the limit on Aγ

13

Gamma-Ray Limits on Galaxy Clusters

g rays from virial shocks 
have been constrained
- CR pressure: 

< 1% of thermal pressure
- CR efficiency: < 15%  

problem

Ackermann+ 14 ApJ

Issues:
- g-ray limits from nearby clusters
- overshooting diffuse g-ray bkg.
- radio constraints for massive clusters

-> spectral indices cannot be steep
accretion shock scenario is disfavored 

but see: Ackermann+ 16 ApJ
Reiss+ 17
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Figure 9. Shown are the 95% upper limits on hadronic CR-induced γ -ray flux for each of our 50 galaxy clusters in this analysis. We show the individually derived
upper limits for both the extended emission (red downward triangle) and assuming the cluster emission to be point-like (blue circle).
(A color version of this figure is available in the online journal.)

volume and improved modeling of the γ -ray sky as well as
improved instrument understanding reflected by the use of
reprocessed LAT data with on-orbit calibrations. Finally, we
note that in particular for spatially extended clusters such as
Coma or Fornax, the limits are substantially weakened with
respect to when modeling them as point-like objects.

Motivated by the Fermi-LAT detection of few bright clus-
ter galaxies (e.g., 2FGL J0627.1−3528 in A3392 and 2FGL
J1958.4-3012 in RXC J1958−3011), a recent stacking study
by Dutson et al. (2013) investigated a large sample of galaxy
clusters that was selected according to the radio flux of bright
cluster galaxies. Although based on a different scientific prior
and methodology than our cluster analysis, the determined flux
limits can be compared to the point-source upper limits re-
ported here. About a dozen clusters are in common between both
studies. However, Dutson et al. (2013) used the respective co-
ordinates of the bright cluster galaxy, which are not necessar-
ily consistent with the cluster center coordinates considered
in our studies. Given the LAT PSF (Bregeon et al. 2013) and
the considered ROIs this does not constitute a severe handicap
for comparison. The use of different exposures (45 months in
Dutson et al. 2013 and 48 months in this work), the use of differ-
ent source models, and, perhaps most particularly noteworthy,
the use of reprocessed LAT data with associated different Galac-
tic and isotropic diffuse models (gal_2yearp7v6_v0 versus
gll_iem_v05 and iso_p7v6source versus iso_clean_v05

respectively), as well as different analysis energy thresholds,
render a strict comparison more problematic. For the major-
ity of common clusters, the limits in Dutson et al. (2013) are
marginally less sensitive, as expected regarding the slightly less
exposure and the rather moderate changes in the diffuse back-
ground models.

However, there are two noticeable exceptions: A85 and
A2634 appear to have more constraining upper limits in Dutson
et al. (2013), besides less exposure and a lower analysis
threshold. The discrepancies could be explained by differences
in the construction of the ROI (treatment of variable sources,
sources to be too faint to be in the 2FGL catalog, size of ROI).
Taking the respective flux limits at face value, the differences do
not amount to more than 35% between both studies. Our limits
on extended cluster emission cannot be meaningfully compared
to the point-source upper limits in Dutson et al. (2013) as they
constitute alternative scientific priors for a different scientific
problem. However, our individual limits on the γ -ray flux, while
being specifically derived within the framework of the universal
CR model by Pinzke & Pfrommer (2010), can, in principle, be
used to constrain other classes of models.

5.5. CR-to-Thermal Pressure Ratio ⟨XCR⟩
We show the resulting upper limits on the CR-to-thermal pres-

sure ratio, ⟨XCR⟩ in Figure 11. These numbers were obtained
by scaling the ⟨XCR⟩ values in Table 1 with the limit on Aγ
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AGN with Galaxy Clusters
- Maximum energy of CRs is expected to be high enough   

(if AGN are the sources of UHECRs)
- Gigantic! → CR confinement is easy (E < eBR~1021 eV)

CR diffusion time
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Lac ≈ (Ωb/Ωm)GMṀ/rvir ≃ 0.9× 1046 erg s−1 M5/3
15

Qcr ∼ 1.0× 1047 erg Mpc−3 yr−1 ϵcr,−1Lac,45.5ρGC,−5

εmax
p ≈ (3/20)(Vs/c)eBrsh ∼ 1.2 EeV B

−6.5Vs,8.5M
1/3
15

tdiff ≈ (r2vir/6D) ≃ 1.6 Gyr ε−1/3
p,17 B1/3

−6.5(lcoh/30 kpc)−2/3M2/3
15

tdiff = tinj

εbp ≈ 51 PeV B
−6.5(lcoh/30 kpc)−2M2

15(tinj/2 Gyr)−3

fpp ≈ κpσppnctint ≃ 0.76× 10−2 gn̄
−4(tint/2 Gyr)

Qcr ∼ 8.5× 1045 erg Mpc−3 yr−1 ϵcr,−1ϱSFR,−2

εmax
p ≈ (3/20)(Vej/c)eBRSed ≃ 3.1 PeVB

−3.5E
1/3
ej,51V

1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

tesc ≈ tadv ≈ h/Vw ≃ 3.1 Myr (h/kpc)V −1
w,7.5

fpp ≈ κpσppnctesc1.1 Σg,−1V
−1
w,7.5(tesc/tadv)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

Physical Review Letters

Kohta Murase1
1Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto, 606-8502, Japan

(Dated: February 15, 2014)

PACS numbers: 98.70.Rz, 11.30.Cp, 98.70.Sa

E2
νΦν ≈

ctH
4π

[

fmes

4
ε2pqp(εp)

]

fz (1)

fz =

∫

dz
1+z |

dt
dz |qp(z)

tHqp
(2)

30(r/1013 cm)
−1

! (B/G) ! 107(Γj/100) (3)

ε2νΦν =
c

4π

∫

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

ε2νqν(εν)F (z) (4)

EB ≈
3

5

GM2
ns

Rns
∼ 3× 1053 erg (5)

N ∼ (ενΦε)σνN (2πNAρV )

≃ 10 yr−1

(

ε2νΦε

10−8 GeV cm−2 s−1 sr−1

)(

V

km3

)

Qcr ∼ 3.2× 1046 erg Mpc−3 yr−1 ϵcr,−1Lj,45ρGC,−5
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- cluster mass function: known
(low-mass clusters are important)

- AGN evolution: (1+z)3-4

- gas density: relatively known
(b profile)

→ reasonable predictions



p+p →p → n, g
p+g →p → n, g
A+g → A’, p, n

galaxy clusters/groups
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Unification of High-Energy Cosmic Particles?

Fang & KM 18 Nature Physics (see also KM & Waxman 16 PRD)

• AGN=“UHECR” accelerators
Galaxy clusters/groups=“CR” reservoirs

• LE CRs: confinement in AGN & clusters
HE CRs: escape into intergalactic space 

• CR nuclei: photodisintegration -> harder spectra



GRBs and SNe



High-Energy Emission from Interacting SNe

Star

wind/shell wind/shell

ejecta

kinetic energy → thermal + non-thermal via shock

SN

shocks

π ± →νµ +νµ + νe (νe ) + e
±

π 0 → γ +γ
p+ p→ Nπ + X



Neutrino Light Curve

tonset ~ time leaving the star (typical) or breakout time (IIn)
slowly declining light curve while pion production efficiency ~ 1
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Neutrino Fluence

Fluence for an integration time when S/B1/2 is maximal
(determined by the time-dependent model due to atm. bkg.)
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Prospects for Neutrino Detection

~ 10-1000 events for Type II supernovae at 10 kpc
~ 0.01-0.1 events for Ibc (but there would be exceptions) 
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Multi-Energy Neutrino View of the Next Galactic Supernova?

- Type II: ~100-1000 events of TeV n from the next Galactic SNe!!!
ex. Betelgeuse: ~103-3x106 events!!!, Eta Carinae: ~105-3x106 events!!! 

- SNe as “multi-messenger” & “multi-energy” neutrino source
- Real time obs. of CR ion acceleration
- Probes of neutrino physics (e.g., non-standard interactions)

MeV n

GeV-PeV n

~0.1-1 day~10 sec

Ln

En



How about Extragalactic SNe?
typical Type II-P, II-L/IIb: 
detection of extragalactic 
SNe is hard
N ~ 0.01-0.1 (d/1 Mpc)-2

A single SN IIn is detectable 
up to ~10 Mpc

statistical search
ex. stacking analysis

auto-correlation analysis

10 Petropoulou et al.

Figure 9. Bottom panel: Expected IceCube ⌫µ + ⌫̄µ event number as a func-
tion of luminosity distance DL for the two SN scenarios discussed in text
(S1: blue lines; S2: cyan lines). For the second scenario, the number of neu-
trinos expected only within the first year is shown. For both scenarios, the
results for three di↵erent values of the proton acceleration e�ciency are pre-
sented (see legend). The horizontal black and red lines indicate the number
of neutrinos required to reach IceCube’s sensitivity and 5� discovery poten-
tial, respectively. Top panel: All-sky number of SNe IIn up to DL expected
over 8 years (black thick line). The shaded region corresponds to the 84 per
cent confidence level (CL), assuming that the supernova number follows a
Poissonian distribution (Gehrels 1986). Red coloured symbols denote the
observed number of SNe IIn within that distance (see Table 3).

sample from the Northern Sky (Section 3.1). Even more stringent
constraints on the acceleration e�ciency may be placed by direct
observations of close-by SNe IIn with neutrino telescopes (Section
3.2).

The neutrino flux from a SN IIn depends on its distance,
shock velocity, mass-loading parameter, and proton acceleration
e�ciency (Section 3.2). All parameters, except for the latter, can
be, in principle, inferred from radio and optical observations of
SNe IIn. For example, vsh is routinely inferred from the width of
optical emission lines, while Kw can be derived by the fitting of ra-
dio observations (Chevalier 1998; Chevalier et al. 2006; Chandra
et al. 2015). Besides the intrinsic source parameters that a↵ect the
neutrino luminosity, as exemplified through scenarios S1 and S2,
the actual distance of the source has the strongest impact on the
IceCube expected neutrino rate (see equation (12)).

The IceCube ⌫µ + ⌫̄µ event number expected within the first
year in both scenarios discussed in Section 3.2, is plotted in Fig. 9
(bottom panel) as a function of the source distance. Di↵erent types
of lines correspond to three values of the proton acceleration e�-
ciency marked on the plot. The curves are obtained after scaling the
total number of muon neutrinos obtained in S1 and S2 (see Table 2)
with the source distance and ✏p. The top panel in Fig. 9 shows the
all-sky number of SNe IIn expected over 8 years up to a distance
DL (black thick line); the number is derived using the CC SN rate
of HB06 and ⇠ = 0.04. For ✏p values allowed by the di↵use flux

measurements, i.e., ✏p . 0.2⇥ (0.04/⇠), only S1-like SNe IIn at dis-
tances . 18 Mpc are strong enough neutrino emitters to constrain
less e�cient acceleration scenarios, in agreement with the predic-
tions by Murase et al. (2011). If ✏p = 0.2, IceCube would be capable
of claiming a neutrino detection from an S1-like SN IIn exploding
at ⇠ 10 Mpc. For SNe IIn with lower mass-loading parameter Kw,
as discussed in S2, the neutrino rate decreases significantly, even
for ✏p = 0.2. This restricts the accessible distance to no more than
4 Mpc.

S1-like sources with faster shocks are more promising candi-
dates for neutrino detection. For higher shock velocities, the neu-
trino rate increases as / v3

sh (see equation (17)), while the duration
of the neutrino production decreases with v�1

sh . The latter leads to an
accordingly lower number of background events, thus increasing
the signal-to-noise. Furthermore, the higher shock velocity results
in an increased cuto↵ value of the neutrino energy spectrum, as this
scales with v2

sh (Section 3.2). For example, a source with a three
times higher shock velocity than in S1 (vsh = 3 ⇥ 104 km s�1) and
the same Kw, ✏p values, would yield ⇠ 38 events above 10 TeV.
Hence, IceCube would be sensitive to such a source up to 40 Mpc
even for ✏p = 0.03. A positive detection would also be possible for
a source located at . 20 Mpc. Given that IceCube’s sensitivity im-
proves when the neutrino spectrum extends above 100 TeV (Fig. 3
in Aartsen et al. 2016c), these estimates are rather conservative.

Another important aspect in the search of neutrino point
sources is the rate of SNe IIn explosions at the relevant distances
(i.e., . 40 Mpc). The expected number of SNe IIn at distances
. 22 Mpc (40 Mpc) is 0.7+0.9

�0.5 (4.4+2.1
�1.4)3 within 8 years in the North-

ern Sky (top panel in Fig. 9). During the period of 2010-2016 three
SNe IIn were detected in the Northern Sky at a mean distance of
⇠ 29 Mpc (Table 3). Stacking of their neutrino signal could place
stronger constraints on ✏p than the di↵use neutrino flux by a factor
of
p

NIIn.
Neutrino production in p-p collisions is accompanied by the

injection of relativistic electron-positron pairs in the post-shock re-
gion and the production of GeV �-ray photons via the decay of neu-
tral pions. The first systematic search for �-ray emission in Fermi-
LAT data from the ensemble of 147 SNe IIn exploding in a dense
CSM was recently presented by Ackermann et al. (2015). No sig-
nificant excess above the background was found leading to model-
independent �-ray flux upper limits. These �-ray non-detections
constrained the ratio of the �-ray to optical luminosity in the range
0.01-1. These can, in principle, be translated to limits on ✏p. How-
ever, due to the uncertainty in the escaping fraction of �-rays, no
stringent limits could be placed on the proton acceleration e�-
ciency.

4.3 IceCube neutrinos in coincidence with SNe IIn?

Table 3 shows the detected SNe IIn in the local Universe (i.e.,
within a distance DL = 40 Mpc). Out of the 29 high-energy muon
neutrinos detected in the Northern Sky above 200 TeV (Aartsen
et al. 2016d), none is found to be in spatial or temporal coinci-
dence with these SNe IIn. However, one cascade-like event4 from
the 4-year HESE IceCube sample (The IceCube Collaboration et al.
2015) was detected on MJD 55798.63, i.e. �t = 1.13 days after the

3 The errors correspond to 1 � errors of Gaussian statistics.
4 ID 16 with deposited energy of 30.6 TeV and 19.4 degrees median angu-
lar uncertainty.

MNRAS 000, 1–?? (2016)

Petropoulou et al. 17 MNRAS

(KM+ 11 PRD, Petropoulou+ 17 MNRAS)



Inner jet (prompt/flare) 
r ~ 1012-1016 cm   B ~ 102-6 G

PeV ν, GeV-TeV γ

Meszaros (2001)

Possible Neutrino Production Sites

Waxman & Bahcall 97 PRL
Dermer & Atoyan 03 PRL
KM & Nagataki 06 PRL

Afterglow
r ~ 1014-1017 cm   B ~ 0.1-100 G

EeV ν, GeV-TeV γ
e.g., Waxman & Bahcall 00 ApJ

Dermer 02 ApJ
KM 07 PRD

Inner jet inside a star 
r < 1012 cm, B > 106 G

TeV-PeV ν, no γ
Meszaros & Waxman 01 PRL
Razzaque et al. 03 PRL
KM & Ioka 13 PRL



Choked Jets as Hidden Neutrino Factories?

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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Choked Jets as Hidden Neutrino Factories?

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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SUPPLEMENTARY MATERIAL

All the key points are described in the main text, which
are general and not sensitive to details of the astrophysi-
cal models. We here describe possible scenarios for TeV-
PeV neutrino sources that are obscured in GeV-TeV �
rays, without going through specific details. For candi-
date sources of CR reservoirs including starburst galaxies
and galaxy clusters, see Refs. [1, 2] and references therein.

Candidates of Hidden Cosmic-Ray Accelerators

By Equations (1) and (2) in the main text, the di↵use
(all-flavor) neutrino flux from p� sources is estimated to
be

E2

⌫�⌫ ' 0.76⇥ 10�7 GeV cm�2 s�1 sr�1

⇥min[1, fp� ]fsup

✓
⇠z
3

◆✓
"pQ"p

1044 erg Mpc�3 yr�1

◆
,

where f
sup

( 1) is the suppression factor due to meson
and muon cooling, ⇠z is a factor accounting for redshift
evolution of the source density [3, 4]. For no redshift
evolution, we have ⇠z ' 0.6. For the star-formation his-
tory and flat spectrum radio quasar evolution we obtain
⇠z ' 3 and ⇠z ' 8, respectively. In the following we will
discuss specific scenarios in terms of their CR luminosity
density "pQ"p and photomeson production e�ciency fp� .

At present, there are several models that can explain
the 10–100 TeV neutrino data. For a power-law proton
spectrum, the total CR luminosity density (at z = 0)
is expressed by Qp = ("pQ"p)Rp, where Rp("p) is the
conversion factor; Rp = ln("max

p /"min

p ) for s
cr

= 2 and

Rp = ("p/"min

p )
scr�2

[1 � ("max

p /"min

p )
2�scr ]/(s

cr

� 2) for
s
cr

> 2. In the shock acceleration theory, one typically
expects "min

p ⇠ �mpc2 or �2mpc2. For example, assuming
"max

p = 60 PeV, s
cr

= 2 and "min

p = 1 TeV lead to Rp ⇠
10, while s

cr

= 2.5 and "min

p = 1 TeV give Rp ⇠ 10 at
25 TeV. We hereafter use Rp ⇠ 10 as a fiducial value,
although lower "min

p (e.g., ⇠ 1 GeV) leads to larger Rp.
Choked jets and newborn pulsars.— Massive star ex-

plosions such as supernovae and GRBs are considered as
promising sites of CR acceleration. GRB prompt emis-
sion is believed to be high-energy radiation from expand-
ing relativistic outflows launched by a black hole with
an accretion disk or a fast-rotating magnetar. Parti-
cle acceleration may occur both at internal shocks in-
side a relativistic outflow and a pair of external shocks
caused by the outflow, via the shock acceleration and/or
magnetic reconnections [5]. GRBs may explain UHE
CRs [6, 7], since their integrated �-ray luminosity den-
sity Q� ⇠ 1044 erg Mpc�3 yr�1 is comparable to the
di↵erential UHE CR luminosity density "

cr

Q"cr ⇠ 0.5 ⇥
1044 erg Mpc�3 yr�1 at 1019.5 eV. However, stacking
analyses for observed GRBs lead to stringent constraints.
It was shown that classical GRBs can contribute . 1%
of the observed di↵use neutrino flux [8].
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FIG. 1. All-flavor neutrino fluxes for some �-ray obscured p�
scenarios that may account for the latest IceCube data [19].
The latest data on upgoing neutrinos are also shown [20].
We show curves of the AGN core model [21, 22], choked jet
model [12, 13], and low-luminosity GRB model [9, 13]. Note
that model uncertainties are large and contributions to the
sub-TeV IGRB are su�ciently small in these models.

However, these limits do not apply to low-luminosity
GRBs and ultralong GRBs. Low-power GRBs may have
di↵erent origins, and most of them are missed by GRB
satellites such as Fermi and Swift. Their energy budget
may be comparable to that of classical GRBs, so it is
possible that they have a significant contribution to the
di↵use neutrino flux [9, 10]. Theoretically, lower-power
jets are more di�cult to penetrate the progenitor, so it
is natural to expect “choked jets” [11]. Although too
powerful jets lead to radiation-mediated shocks and do
not allow e�cient CR acceleration, since all protons can
be depleted for meson production, choked GRB jets can
account for the IceCube data [12–16]. Not only jets but
also newborn pulsar winds can serve as hidden CR accel-
erators [17, 18]. The pulsar wind with � ⇠ 106 lead to
⇠ 50 TeV neutrinos in the presence of nonthermal target
photons generated in the nebula.
Such jet-driven and pulsar-driven supernovae have

been suggested as origins of low-luminosity GRBs
(that are often classified as transrelativistic super-
novae) and hypernovae, whose local rates are ⇠
102–103 Gpc�3 yr�1 [23] and ⇠ 4000 Gpc�3 yr�1 [24],
respectively. The available energy budget is ⇠ 4 ⇥
1046 erg Mpc�3 yr�1, so we expect "pQ"p . 4 ⇥
1045 R�1

p,1 erg Mpc�3 yr�1. This does not violate
the total CR luminosity density of galaxies, "pQ"p ⇡
1045–1046 erg Mpc�3 yr�1 in the ⇠ 1–10 GeV range [25,
26], and it is possible for choked jets and pulsars to
achieve E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 (see Fig. 1).
In addition, very massive stars born at high redshifts

lead to black holes and could launch jets (e.g., Ref. [27]).
We here point out that choked jets from such high-
redshift objects could also give a contribution to the dif-
fuse neutrino flux, as considered in Ref. [28].
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Realistic Picture

1. Ballistic jets inside stars 
→ collimation shock & collimated jet

2. CR acceleration at collisionless shocks 
→ inefficient at radiation-mediated shocks

Two pieces of important physics were overlooked

KM & Ioka 13 PRL



Jet Propagation inside a Star
• Jet propagation has been understood (cannot be ignored)

controlled by luminosity, duration, opening angle, and r(r)

• Collimation is crucial for jets propagating in high-density environments  
• Must be taken into account for neutrino emission from choked jets

jet-stalling condition L < LJS: change by many order of magnitudes

6 Mizuta & Ioka

Fig. 4.— Mass density in g cm�3 (top), pressure in dyn cm�2/c2

(middle), and Lorentz factor (bottom) contours of the model �
0

=
5 at t = 4.5 s (model G5.0). Note that the aspect ratio of z and r
is not unity in order to enhance the fine structures in the jet and
the cocoon. The white dashed line in the Lorentz factor contour
indicates the initial stellar surface.

the stellar surface R⇤ (z = 4⇥1010 cm; see Figure 2), the
jet head advances rapidly (⇠ c, the speed of light). As a
result, the pressure profile in the cocoon cannot remain
constant around the jet head. The pressure profile in the
cocoon drops near the jet head; see the one-dimensional
pressure profile in the cocoon in Figure 5(a) at t = 4.5 s
when the jet breakout just occurs. Figure 5(b) shows the
same as Figure 5(a) for but when the z-axis is shifted by
z
shift

, where z
shift

is approximately the position at which
the jet starts to expand. The jet cannot maintain its
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Fig. 5.— (a) One dimensional pressure profiles at r = 1.8⇥ 109

cm and t = 3, 4.5 s, and at r = 5⇥ 109 cm and t = 6.4 s for model
G5.0. The profile shows the cocoon region. The shocked ambient
gas appears as a thin shell at the jet head. The pressure profile
is almost homogeneous before the jet breakout (t = 3 s). When
the jet breakout occurs at t = 4.5 s, a pressure gradient can be
seen around the jet head. After the jet breakout at t � 6.4 s, the
pressure profile in the outer cocoon is about p / z�4. (b) Same
as (a) but only for t = 4.5 , 6 s and the horizontal axis is z � z

shift

to show the pressure profiles measured from o↵-center origin at
z
shift

, which determines the evolution of the jet expanding from
the o↵-center around ⇠ z

shift

for each time (z
shift

= 2.5 ⇥ 109cm
for t = 4.5 s and z

shift

= 4 ⇥ 1010cm for t = 6.4 s). A pressure
gradient can be seen around the jet head at the time of the jet
breakout (t = 4.5 s) and after the jet breakout (t = 6.4 s). (c) One
dimensional Lorentz factor profile along the z-axis at t = 3, 4.5,
and 6.4 s for model G5.0.

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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Fig. 14.— Structure of the jet and the collimation shock. The
collimation shock appears by the interaction between the expand-
ing jet and the high pressure cocoon. The collimation shock con-
verges at ẑ. Solid lines show the collimation shock and the jet
structure after the collimation shock for a decreasing pressure case
(� = 1.8), whereas green the dashed lines show the collimation
shock and the cylindrical jet structure after the collimation shock
for the constant pressure case (� = 0).

ter the breakout, the cocoon pressure is not constant but
decreases outward (see Figure 5). This leads to less col-
limation, a wider jet, and hence a larger Lorentz factor.
Therefore, the jet-breakout acceleration occurs almost
inevitably if the external medium has a finite size. We
estimate that the jet-breakout acceleration boosts the
Lorentz factor of the jet by a factor of several (⇠ 5).
This is the reason why the naive picture in Figure 1 is
not correct but the jet opening angle becomes ⇠ 1/5�,
as shown numerically in Section 3.4 and Figure 8.

4.1. Jet Evolution in Constant External Pressure

First we consider the jet evolution inside the progenitor
star. Bromberg et al. (2011) provided a detail analysis.
Here we make the analytical formulae easier to use in the
calibration of the model parameters. The jet dynamics
is controlled by three processes: (1) the jet head, (2)
the cocoon, and (3) the collimation. After combining
these dynamics, we can describe the evolution of the jet
head position by Equation (25), the jet cylindrical radius
by Equation (26), and the collimation position by Equa-
tion (27). There is one free parameter ⌘ by Equation (8)
to be fixed by numerical simulations.

1. Jet head dynamics. After the jet propagates in-
side the star, it collides with the stellar envelope.
A reverse shock decelerates the jet, and a forward
shock runs into the stellar envelope. The shocked
region is called the jet head. The jet head dynam-
ics is determined by the ram pressure balance be-
tween the shocked jet and the shocked envelope,
both of which are given by the pre-shock quanti-
ties through the shock jump conditions (Marti et al.
1997; Mészáros & Waxman 2001; Matzner 2003):

hj⇢jc
2�2

jh�
2

jh + Pj = ha⇢ac
2�2

h�
2

h + Pa, (4)

where �jh = �j�h(1��j�h) is the relative Lorentz
factor between the jet and the jet head and �jh =
(�j � �h)/(1 � �j�h) is the corresponding relative
velocity. We can neglect the internal pressure of the
jet Pj for the strong reverse shock and the pressure
Pa for the cold ambient matter. Then, the jet head

velocity is

�h =
�j

1 + L̃�1/2
, (5)

where

L̃ ⌘
hj⇢j�2

j

ha⇢a
' Lj

⌃j⇢ac3
(6)

is the ratio of the energy density between the jet
and the ambient medium. In the last equality, we
assume the cold ambient medium ha = 1 and use
the jet cross-section ⌃j = ⇡r2j and the jet luminos-
ity Lj . For typical parameters of GRBs, we have
L̃ ⌧ 1, i.e., a non-relativistic head velocity:

�h ' L̃1/2. (7)

Hereafter, we consider the non-relativistic case,
that is appropriate for typical parameters.

2. Cocoon. The shocked jet and the shocked enve-
lope try to expand and go sideways into a cocoon
component. The cocoon pressure is determined by
the injected energy divided by the cocoon volume
(Begelman & Cio� 1989),

Pc =
E

3Vc
=

⌘

3

R
Lj(1� �h)dt

(
R
�hc dt)⇡(

R
�cc dt)2

, (8)

where ⌘ is a parameter to correct the approxima-
tion of the cylindrical cocoon shape. We use ⌘ to
absorb other approximations. (For example, we
represent the transverse velocity by a single value,
assume a spherical cocoon and a power-law den-
sity profile in Equation (13), neglect z⇤ in Equa-
tion (17), and so on.) We determine ⌘ by com-
paring the analytical formulae with the numerical
simulations. Note that 1 � �h ⇡ 1 for the non-
relativistic head velocity. The transverse velocity
of the cocoon is determined by the balance between
the cocoon pressure and the ram pressure of the
ambient medium:

�c =

s
Pc

⇢̄ac2
, (9)

where

⇢̄a(zh) =

R
⇢adV

Vc
⌘ ⇠a⇢a(zh), (10)

is the mean density of the medium. Defining
Z

�h dt ⌘ ⇠h�ht
⇣
=

zh
c

⌘
,

Z
�c dt ⌘ ⇠c�ct, (11)

we can eliminate �c from Equations (8) and (9) to
obtain

Pc = L̃�1/4

✓
Lj⇢a
ct2

◆
1/2 ✓ ⌘⇠a

3⇡⇠h⇠2c

◆
1/2

. (12)

If the density profile follows a power law ⇢a / z�↵,
the coe�cients, ⇠a, ⇠h and ⇠c, become constant:

⇠a =
3

3� ↵
, ⇠h = ⇠c =

5� ↵

3
. (13)

cf. uncollimated shock

jet head radius

Chevalier [50]. The jet has more difficulty in penetrating
the progenitor star due to its lower luminosity, but on the
other hand, its longer duration helps in achieving breakout.
In this model, the prompt gamma-ray emission may come
from relatively low radii around the photosphere or large
radii. Such marginally successful jets are expected for
larger radius progenitors such as BSGs, and UL GRBs may
correspond to the case of successful GRBs [19].
Next, we consider jets embedded in an extended,

massive envelope. The jet can be choked if the mass of
the extended material is sufficiently large. Motivated by the
CJ-SB model for LL GRBs, we consider an extended
material with mass Mext ∼ 10−2M⊙ and radius
rext ∼ 3 × 1013 cm. WR stars have been observed with
such unusually massive envelopes in the months leading up
to their SN explosion [77–79]. Nakar [31] suggested
similar envelope parameters for LL GRB 060218, but
without strong constraints on the density profile. For
simplicity, we therefore assume the same wind profile
for all LL GRBs, namely,

ρðrÞ ¼ 5.0 × 10−11 g cm−3
!

Mext

0.01M⊙

"
r−3ext;13.5

!
r
rext

"−2
;

ð3Þ

with the density at the outer envelope edge
ρext ≡ ρðrextÞ=ð5.0 × 10−11 g cm−3Þ. Assuming, as Nakar
did, that the majority of the envelope’s mass is located near
the outer radius [i.e., the quantity ρðrÞr3 increases up until
rext], different wind profiles do not significantly affect the
dynamics of the jet head. The jet is typically uncollimated
for sufficiently luminous jets, and the Lorentz factor of the
jet head is given by

Γh ≈
~L1=4

ffiffiffi
2

p ≃ 3.5L1=4
0;52ρ

−1=4
ext r−1=2h;13.5; ð4Þ

while the jet head radius is estimated to be

rh ≈ 2Γ2
hct≃ 2.3 × 1013 cmL1=2

0;52ρ
−1=2
ext r−1ext;13.5t1.5: ð5Þ

The condition rh ¼ rext gives the jet breakout time tjbo;ext,
and the condition tjbo;ext ≲ teng gives the jet-stalling
condition

Lγ ≲ LJS
γ ≈ 0.95 × 1048 erg s−1

!
ϵγ
0.25

"!
θj
0.2

"
2

t−1eng;1.5

× T−1
3.5ρextr

4
ext;13.5; ð6Þ

where we have used

Lγ ≈ ϵγ
θ2j
2

L0teng
T

: ð7Þ

Lγ is the observed luminosity of the LL GRB, ϵγ is the
gamma-ray emission efficiency, θj is the choked jet open-
ing angle in the extended material, and T is the typical
observed duration of LL GRBs. For choked jets, the jet
head radius at teng is defined as the jet-stalling radius rstall.
In our CJ-SB scenario, the central engine activity time teng
is unrelated to the duration of the prompt emission T, since
the latter only depends on the shock velocity and breakout
radius T ≈ rsb=Γ2

sbc, which are determined from the
envelope properties. The former time scale is deduced
from the lifetime of GRB jets that are seen in high-
luminosity GRBs, while the latter reflects the typical
observed duration of a LL GRB. Note that the hydro-
dynamic constraints are relevant for neutrino production.
First, they restrict the emission radius, which limits the
overall nonthermal particle energy density as well as the
maximum neutrino energy. Since the emission region of
traditional GRB jets assumes a wide variety of values (e.g.,
1011 cm≲ rem ≲ 1017 cm for the classic fireball model in
[44]), the phenomenology of neutrinos from choked jets
can be quite different. Additionally, the jet luminosity and
central engine duration need to be consistently determined.
If the jet is too powerful or its duration is too long, it is no
longer choked and should be reduced to the classical
GRB case.
If the jet is choked in the dense wind close to the edge of

the star, it will launch a transrelativistic shock that becomes
an aspherical shock breakout. As described in
Refs. [80,81], breakout nonthermal emission may be
released when the optical depth of the shock reaches unity.
The emission time of the breakout—and therefore the
approximate duration of the subsequent GRB—is
T ≈ rsb=ðΓ2

sbcÞ ∼ 103.5 s, in agreement with the average
duration of LL GRBs, where rsb is the shock breakout
radius and Γsb is the Lorentz factor of the shock. It has been
shown that shock breakouts produce smooth light curves
similar to those seen in LL GRBs.

III. RADIATION CONSTRAINTS
ON SHOCK ACCELERATION

CRs are generally assumed to be accelerated with a
power-law distribution by the first-order Fermi process in
the presence of shocks or turbulence. As known from the
literature of nonrelativistic shocks (e.g., Refs. [80,82]),
efficient conversion of the fluid kinetic energy to a non-
thermal particle population can occur if the shocks are
collisionless (i.e., mediated by plasma instabilities), requir-
ing the upstream plasma to be optically thin for relativistic
shocks. CRs gain energy thanks to the shock compression.
If the shock is mediated by radiation, efficient acceleration
is prevented [19,83] since the shock width is larger than the
CR Larmor radii and particles cannot efficiently cross
between the upstream and downstream fluids. This subtle
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2. cocoon dynamics
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SNe with Slow Jets (Failed GRBs)

SN 2008D
constraints on G and Ej

�

A&A 527, A28 (2011)

Fig. 4. Spectrum of SN 2008D according to the soft jet model for dif-
ferent assumed jet Lorentz factors and under the assumption that the jet
is pointing towards Earth.

n1 = n2 = n3 = 0 and b1 ≈ b2 ≈ b3, the signal upper limits
s̄i are identical for all three search windows to the fourth signif-
icant digit: s̄1 = s̄2 = s̄3 = s̄ = 2.44 (at 90% CL). The upper
limit Φ̄(90)

ν on the neutrino flux in terms of the expected flux
Φν is given by the ratio of the signal upper limit s̄ to the signal
expectation s:

Φ̄(90)
ν

Φν
=

s̄
s
· (4)

Due to the different signal expectations in each window, the
flux upper limits depend on the assumed emission time scale τe.
Therefore, we quote the limits on the soft jet model for canonical
parameters (Table 1) separately for each emission time scale τe
and at a reference energy of Eν = 100 GeV:

⎡
⎢⎢⎢⎢⎣
Φ̄(90)
ν (100 GeV)

GeV−1 cm−2

⎤
⎥⎥⎥⎥⎦ =
[

d
10 Mpc

] 2

×
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.035 τe = 100 s
0.058 τe = 1000 s
0.17 τe = 10 000 s.

(5)

Each limit is only valid under the assumption that the entire neu-
trino signal is contained in the corresponding time window. In
other words, SN 2008D could have emitted at most 19 (41, 122)
times more neutrinos than assumed under the soft jet model
with default parameters Γb = 3 and Ej = 1051.5 erg. A higher
flux would have been observed by IceCube with a probability of
90%.

The primary systematic uncertainty in these limits stems
from a possible bias in signal simulation, i.e. the value of s.
Systematics for IceCube 22 have been studied by Abbasi et al.
(2009a) and lead to a ∼15% uncertainty in s, corresponding to
a +17
−13 percent shift in the limits. Incorporating the uncertainty

of the BDT classification response, that is decreasing the signal
prediction and increasing the background expectation by the cor-
responding uncertainty resulted in a negligible shift of ∼0.5% in
the limits.

Next, we wish to constrain the main parameters of the model,
the kinetic energy release Ej and the Lorentz factor of the jet Γb.
Due to the significant Γb dependence of the hadronic break en-
ergy Eπ/K (1)

ν, cb ∝ E−1
j Γ

5
b and the radiative cooling break energy

Eπ/K (2)
ν, cb ∝ Γb, the number and spectral distribution of produced

neutrinos depends strongly on Γb (see Fig. 4). Moreover, the flux

Fig. 5. Expected number of events as a function of the assumed jet
Lorentz factor Γb under the assumption that the jet is pointing towards
Earth. The plotted numbers correspond to a 10◦-signal-region and cut
level 3 at which the background rate is 0.03 Hz.

Fig. 6. Constraints on the jet parameters Ej and Γb where E51.5 =

1051.5 erg. For each assumed emission time scale τe, the colored regions
are ruled out at 90% confidence level.

is scaled with Ej Γ
2
b which accounts for the energy release and the

beaming of the neutrino emission. At high boost factors, radia-
tive cooling of mesons sets in at lower energies than hadronic
cooling, i.e. Eπ (1)

ν, cb > Eπ (2)
ν, cb

(
EK (1)
ν, cb > EK (2)

ν, cb

)
for Γb >∼ 4 (Γb >∼ 9).

To derive constraints on Γb and Ej, we calculated the sig-
nal expectations in the intervals Γb = 1.5−10 and Ej =

1051−1052 erg. As Fig. 5 shows, the less efficient cooling as well
as stronger beaming in more relativistic jets leads to a drastic in-
crease in the signal expectation. Increasing Γb places more neu-
trinos at high energies >∼1 TeV where IceCube is more sensi-
tive, though the corresponding reduction in the jet opening angle
leads to smaller probability of jet detection. The measured sig-
nal upper limit s̄ = 2.44 and the signal predictions si

(
Γb, Ej

)
for

each window can be used to constrain the jet parameters Ej and
Γb through si

(
Γb, Ej

)
< s̄i. Values of Γb and Ej not fulfilling this

relation are ruled out at 90% CL. These limits are illustrated in
Fig. 6.

Finally, the scenario proposed by Koers & Wijers (2007)
shall be examined briefly. Assuming that meson re-acceleration
leads to a simple power law neutrino spectrum in the relevant
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If CRs carry ECR
iso~0.5x1053 erg (GRB)

→ # of µs ~ 0 events (due to radiation mediated shocks)
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“Radiation Constraints” on Non-thermal Neutrino Production

• Lower-power is better
• Bigger progenitor is better

KM & Ioka 13 PRL

allowed region
(tT<1 at unshocked flow)

← compact star (Wolf-Rayet)

← big star (blue-super giant)

• suppressed in typical GRBs 
and powerful slow-jet SNe

• favoring choked jets
(difficulty of penetration)

suppression region
(tT>1 at unshocked flow)

Thomson optical depth

tT=nesTD ∝ LG-2

L: kinetic luminosity
G: Jet Lorentz factor



Basic Picture
Story of high-energy neutrino production 
• Internal shock scenario

maybe CR acceleration (if collisionless)
pg interactions in inner jets, pp interactions are inefficient 
target photons by collimation-shocked jet (w. screening) & inner jets
adiabatic losses during the expansion of the emission region and 
will not interact w. stellar material (hot spot and cocoon)

• Collimation shock scenario
possible CR acceleration (if collisionless)
pg interactions in collimation-shocked jets
target photons by collimation-shocked jet
little adiabatic losses due to the collimation and 
pp interactions should occur during the advection

• Reverse shock scenario
CR acceleration is usually difficult

• Forward shock scenario
No CR acceleration (collisional) 

photon escape fraction∼ðnγ;hσTrh=ΓhÞ−1. The photomeson
production efficiency satisfies

min½1; fpγ$ ≈ 1: ð12Þ

Thus, CRs that exceed the pion production threshold are
depleted by the photomeson production. Choked jets can be
regarded as “calorimetric” sources in the sense that all
of the available CR energy goes into making neutrinos and
the observation of neutrinos allows us to directly probe
the amount of accelerated CRs. Note that, although there
are nonthermal populations of photons radiated by co-
accelerated pairs, this point is unchanged. Additional
photons enhance the efficiency of the photomeson
production.
At subphotospheric radii, inelastic pp interactions are

shown to be relevant below 100 TeVand the photon meson
efficiency is found to dip due to the Bethe-Heitler process
[39,42]. When radiation constraints are satisfied, the pp
optical depth during the dynamical time in the jet is limited
to [39,81]

fpp ≲
κppσpp
σT

≃ 0.04: ð13Þ

Thus, for the CR spectrumwith s ∼ 2, the energy flux of the
pp component is typically lower than that of the associated
pγ component, and the main production mechanism for
VHE neutrinos inside the jet is the photomeson production
process. Note that, as pointed out in Ref. [19], low-energy
CRs in the jet may eventually be advected along the
collimated jet, and all CRs can be depleted for neutrino
production via subsequent pp interactions. However, for
uncollimated shocks, CRs accelerated at the shocks may
simply cool via adiabatic losses during the jet expansion. In
this work, to be conservative, we do not consider effects of
the remaining CRs.
CRs lose their energy via photomeson production (pγ),

Bethe-Heitler pair production (BH), hadronuclear (pp),
synchrotron radiation (syn) and inverse-Compton radiation
(IC) processes. Since in our case the jet is expanding,
adiabatic losses are also included. The numerically calcu-
lated acceleration and cooling time scales are shown in
Fig. 2. At higher energies, photomeson production is the
dominant cooling channel for CRs, and it sets a maximum
CR energy of εMp ∼ 3 PeV in the comoving frame. At
lower energies εp ≲ 1 TeV, BH cooling dominates and
suppresses the neutrino spectrum around 100 GeV.
The magnetic field is set by using the parameter
ϵB ¼ LB=L0 ¼ 0.1, and the acceleration time is given by
tacc ¼ εp=ðeBcÞ. Note that the typical energy of escaping
CRs will be relatively low since they are cooled as they are
advected from the shock front.
The neutrino products receive∼0.05% of their parent CR

energy. For the energies of interest, Eν ∼ 30 TeV, the Δ

resonance in pγ interactions requires target photons with
energy ∼0.2 keV–0.2 MeV depending on the Lorentz
factor of the target photon field (i.e., between the jet
interior and head) [27]. The jet head appears as a blackbody
with temperature kTh ∼ 0.1–1 keV as seen from the jet core
providing photons within the correct energy range. The
fraction of CRs that interact with these photons using the
box approximation of Ref. [16] is fpγ ≫ 1, which is also
seen from Fig. 2. As expected, pγ interactions dominate the
neutrino production.
In addition, meson cooling is also taken into account by

solving the kinetic equations numerically [19,38,85]. When
the jet-stalling condition and radiation constraints are
considered, we find that the pion and muon components
are almost always dominant and the kaon component could
be relevant only above PeV energies.

V. DIFFUSE NEUTRINOS FROM
LOW-LUMINOSITY GRBS AND HYPERNOVAE

Finally, we calculate the diffuse neutrino flux by con-
volving the neutrino spectra for different luminosities with
1045 erg s−1 ≲ Lγ ≲ 1048 erg s−1. The upper luminosity
limit is found by constraining the jet to be choked with
shocks that are not radiation dominated. The lower lumi-
nosity limit is chosen such that the results are not sensitive
to this choice. As emphasized above, contrary to predic-
tions for neutrino emission from optically thin environ-
ments, we do not have much uncertainty in values of fpγ;
i.e., the pγ efficiency is always close to the maximum.
Thus, as long as the rate uncertainty is not too large, the
only critical parameter is the total energy of CRs even
though there are other subparameters such asMext and rext.
In this work, the jet kinetic energy is assumed to be similar
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FIG. 2. Various energy-loss rates of CR protons in the CJ model
for LL GRBs as a function of the comoving proton energy (see
text for details). The case of Lγ ¼ 1047 erg s−1 (implying
L ¼ 2 × 1051 erg s−1) is shown.
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spectra, assuming a CR spectrum of "!2
p e!"p="

M
p . The

parameters are shown in Fig. 4. We assume !B ¼ 1 in the

IS scenario, while Lcj
B ¼ 10!2L0 in the CS scenario since

the collimated jet is radiation dominated and its magnetic
luminosity would be smaller than the kinetic luminosity,
but key results are not sensitive when the meson synchro-
tron cooling is subdominant (cf. Ref. [13]).

The expected number of neutrino events from a burst at
z ¼ 0:1 is at most #1, so aggregating many bursts is
important. Although it is hard for current satellites to find
many low-power GRBs, we can in principle test the sce-
narios by stacking neutrino signals from *100 UL GRBs
at z# 1, which are detectable by all-sky monitors with
sensitivities better than Swift.

To demonstrate their neutrino spectra and contributions,
we numerically calculate the total ENB [44], which is
consistent with the following analytical formula [6,45]:

E2
"!" #

c

4#H0

3

8
fsup min½1; fp$%E2

p

dNiso
p

dEp
%fzfcho

# 4& 10!8 GeV cm!2 s!1 sr!1 ðfcho&acc=10Þfsup
&min½1; fp$%ðEiso

$ %=1053 ergGpc!3 yr!1Þðfz=3Þ;
(6)

where fz is the evolution factor [45], fsup is the suppression
factor due to the meson and muon cooling [38], &acc is the
CR loading parameter [6], and fcho is the fraction of failed
GRBs compared to successful GRBs. Here, % is the local
rate that is#1 Gpc!3 yr!1 for GRBs and ULGRBs [8] (but
see Ref. [9]) while#102–103 Gpc!3 yr!1 for LLGRBs [3].

Results are shown in Fig. 4, where we see that the ENB
flux from successful UL GRB jets inside stars may be
#10!9 GeV cm!2 s!1 sr!1. If failed UL GRBs are *10

times more common, #10!8 GeV cm!2 s!1 sr!1 may
even be achieved. Although the uncertainty in % is large,
contributions from LL GRBs [6,7,30] and/or failed UL
GRBs can be compatible with the ENB that IceCube may
start to observe [11]. The spectral steepening is also
expected. In particular, in the IS scenario, the meson radia-
tive cooling or the cutoff from the proton maximum energy
can lead to a break around PeV. In addition, for choked jets
in BSGs, the cutoff at * 1 PeV is possible due to neutrino
absorption in the envelope if rh * 5& 1012 cm. In the CS
scenario, strongmeson cooling leads to a break at&10TeV,
so we mainly expect multi-TeV neutrinos.
Summary and discussion.—We derived general con-

straints on HE neutrino production in GRB jets inside stars,
based on the point that the shock acceleration is inefficient
at radiation-mediated shocks. They are complementary to
observational upper limits, and current nondetections of
precursor (orphan) neutrinos from GRBs (CCSNe) are
consistent with theoretical expectations. Our work is
encouraging and useful for the literature on the GRB-
CCSN connection [15], joint searches with GWs [16],
and neutrino mixing [17].
We showed that more favorable conditions for HE neu-

trino production are satisfied in low-power GRBs such as
UL GRBs especially if they originate from bigger progen-
itors like BSGs. The formation of collimation shocks is
naturally expected, so TeV neutrinos are useful as a smok-
ing gun of jet physics that cannot be probed with photons
and will also support the idea of BSG-like progenitors. We
stress the importance of stacking such less luminous tran-
sients with next-generation all-sky monitors like SVOM,
Lobster, WF-MAXI, and HiZ-Gundam.
Internal shocks in a precollimated jet could extend the

ENB to PeV energies, which may give an important contri-
bution if failedULGRBs are*10 timesmore common.Note
that the neutrino production site considered in this work is
different from the prompt emission site. Since low-power
GRBs may be largely missed, even if their successful jets
give #10!9 GeVcm!2s!1sr!1, the results may not contra-
dictwith nondetections of ‘‘prompt’’ neutrinos fromclassical
GRBs, which placed &10!9 GeVcm!2 s!1 sr!1 [19]. LL
GRBs can give #10!8 GeV cm!2 s!1 sr!1, as predicted in
Refs. [6,7,30]. They are distinct from classical GRBs and
theymaybemore baryon rich [46]. Since the uncertainty in%
is large, revealing these transients, which have been largely
missed so far, is important to test the models.
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FIG. 4 (color online). The cumulative neutrino backgrounds
from UL GRBs and LL GRBs. For UL GRBs, we use
rs ¼ 1011:5 cm, "cj ¼ 5, kTcj ’ 0:70 keV, " ¼ 100, and L ¼
1049 erg s!1. The CR energy generation rate is set to &accEiso

$ % ¼
1053 ergGpc!3 yr!1, with fcho ¼ 1 (thick) and fcho ¼ 10 (thin).
For comparison, predictions for prompt emission from LL GRBs
(with % ¼ 500Gpc!3yr!1 and &acc ¼ 10) are taken from
Ref. [6] for " ¼ 10 (thick) and " ¼ 5 (thin). For redshift
evolution, the GRB3 model is assumed [44]. The atmospheric
background [47] is also shown. Note that IceCube suggests
E2
"!" # a few& 10!8 GeV cm!2 s!1 sr!1 [11], which is com-

patible with the original Waxman-Bahcall bound [45].
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Examples of Neutrino Spectra for Choked Jets

- Low-luminosity (LL) & ultra-long (UL) GRB jets are largely missed
- Compatible w. IceCube n data without violating stacking limits

(by introducing contributions from choked jets)
- Non-detection of ns from GRBs already supports radiation constraints

(If n production occurred inside a star for HL GRBs, we could detect them)
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Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.
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Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.

Levan+14 ApJ

UL GRB

classical GRB



Type Ibc Supernovae & Low-Luminosity GRBs

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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FIG. 1. Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission from the
jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL GRBs, where
transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray emission from the shock
breakout occurs significantly after the jet stalls (e.g., Ref. [26]). Right panel: The emerging jet model for GRBs and LL GRBs. Both
neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed as prompt emission.
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low-power

- Trans-relativistic SNe such as 
may come from shock breakout
(Campana+ 07, Waxman+ 07)

- Successful or failed?
(Toma+07, Nakar 15, Irwin & Chevalier 16)
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high-power

- They could significantly 
contribute to the IceCube flux
(stacking limits on canonical GRBs
are not applied)

to that of classical GRBs. Here, importantly, even if the
observed GRB luminosity is low (recall that “low-
luminosity GRBs” here are defined based on the observed
luminosity), choked jets themselves may be as powerful as
the jets of classical high-luminosity GRBs. In the CJ-SB
model, the choked jet has isotropic-equivalent luminosity
L ∼ 1051–1052 erg s−1, but the observed gamma-ray lumi-
nosity is smaller by a factor of ð2=θ2jÞðT=tengÞ. (Clearly, teng
can also play a large role in determining whether a jet will
give rise to a classical GRB or an LL GRB). For the
shock breakout luminosity Lγ, the total absolute CR energy
in the jet is assumed to be ECR ¼ ðϵCR=ϵγÞðLγTÞ≃ 6.3 ×
1050 ergðξCR=2ÞLγ;47T3.5 [where ξCR ≡ ϵCR=ϵγ ¼
2ð0.25=ϵγÞðϵCR=0.5Þ is the so-called CR loading factor].
Note that the total absolute CR energy scales as the
observed gamma-ray luminosity. Also, the CR spectrum
is assumed to be dNp=dε0p ∝ ε0−2p .
The diffuse neutrino flux is calculated via (e.g.,

Ref. [85])

Φν ¼
c

4πH0

Z
zmax

zmin

dz
Z

Lmax

Lmin

dLγ

×
dRchoðzÞ=dLγffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩMð1þ zÞ3 þ ΩΛ

p
"
dNνðð1þ zÞEνÞ

dE0
ν

#
; ð14Þ

where dNν=dE0
ν is the neutrino spectrum per burst, H0 is

the Hubble constant, and ΩM and ΩΛ are cosmological
parameters. If LL GRB progenitors evolve as the
star-formation rate (SFR), we rescale the function found
by [86],

RchoðzÞ ¼ fchoRLL

×
$
ð1þ zÞp1κ þ

"
1þ z
5000

#
p2κ

þ
"
1þ z
9

#
p3κ

%
1=κ

;

ð15Þ

with κ ¼ −10, p1 ¼ 3.4, p2 ¼ −0.3, p3 ¼ −3.5, where
fcho expresses the contribution of choked jets without
shock breakout (i.e., orphan neutrinos), and RLL ∼
100–200 Gpc−3 yr−1 is the local LL GRB rate at z ¼ 0.
Reference [24] constructed a luminosity function (i.e., the
number of bursts with an observed isotropic-equivalent
luminosity within a given luminosity interval) uniquely for
the LL GRB population

dRLL

dLγ
≈
ðα − 1ÞRLL

Lm

"
Lγ

Lm

#−α
: ð16Þ

It was found that the data were fit best with a local rate of
RLL ¼ 164þ98

−65 Gpc−3 yr−1, index α ¼ 2.3% 0.2 and char-
acteristic luminosity Lm ¼ 5 × 1046 erg s−1.

Figure 3 shows the diffuse neutrino flux from LL GRBs
for different components. For our parameter set in the CJ-
SB model that explains LL GRBs, we find that the diffuse
neutrino flux is compatible with the measured flux for
Eν ∼ 0.1–1 PeV. There are three relevant remarks. First,
since the gamma rays and the dominant component of
neutrinos are produced in different regions, a prediction of
the CJ-SB model is that the majority of the LL GRB
neutrino signal arrives ðrsb − rstallÞ=c ∼ 100–1000 s before
the LL GRB triggers a detector. Second, the VHE neutrino
emission from choked jets is highly beamed in the CJ-SB
model. On the other hand, the shock breakout contribution
is nearly isotropic, so the associated neutrino emission can
be observed from off-axis observers [81]. Third, precursor
neutrinos from choked jets will be found within a much
smaller temporal window (teng ∼ 101.5 s) compared to the
electromagnetically observed LL GRBs and/or shock
breakout emission.
For comparison, we also show one of the predictions of

the EJ model for Γ ¼ 5. We assume that the luminosity
function is constant, and the redshift dependence is taken
from Ref. [87] but also follows the SFR. Although the
model uncertainty is rather large, we confirm the previous
results that the EJ model may also give a significant
contribution to the diffuse neutrino flux [29,30] at large
observed energies (i.e., Eν;obs ≳ 1 PeV). The spectral shape
of earlier results [29,30] is seen by the recent estimate of
Ref. [88]. But the overall normalization is different due to
different assumptions on the CR loading factor and LL

FIG. 3. All-flavor diffuse VHE neutrino fluxes from LL GRBs
in various models. The choked jet CJ (this work), shock breakout
(CJ-SB) [81], and emergent jet (EJ) [29] components are shown.
The shock breakout component has been updated to include the
newest luminosity function and redshift evolution, while the EJ
component is luminosity insensitive with the redshift evolution of
Ref. [87] and is shown for illustrative purposes. Note that
neutrinos are observed as prompt emission or precursor emission.
The IceCube data based on the combined analysis [5] and
up-going muon neutrino analysis [8] are overlaid.
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Name Max Mag (MJD) RA (rad) Dec (rad) D
L

(Mpc) Type

SN2011ep 55750.5 4.47 0.57 1490 Ic

PTF11ixk 55765.5 3.50 0.55 95 Ic

PTF11izq 55767.5 3.61 0.70 289 Ib

PTF11ilr 55771.5 6.05 0.27 — Ib

SN2011ee 55773.5 6.14 0.15 137 Ic

PTF11kaa 55775.5 4.57 0.82 184 Ib

SN2011gd 55790.5 4.34 0.38 44 Ib

PTF11klg 55810.5 5.79 0.11 120 Ic

PFT11kmb 55820.5 5.86 0.63 77 Ib-Ca

SN2011fl 55829.5 0.21 0.49 71 Ib

SN2011ft 55829.5 4.68 0.51 78 Ib

SN2011gh 55829.5 1.97 0.45 85 Ib

PFT11qcj 55866.5 3.46 0.83 127 Ib

SN2011fz 55888.5 6.01 0.04 73 Ib

LSQ11jw 55909.5 0.54. 0.01 90 Ic

SN2011jm 55918.5 3.38 0.05 14 Ic

SN2011it 55919.5 5.77 0.55 72 Ic

SN2011kf 55925.5 3.83 0.29 1280 Ic

SN2012C 55939.5 2.52 0.57 65 Ic

SN2012F 55930.5 0.15 0.07 137 Ib

SN2011kg 55937.5 0.44 0.52 976 SLSN-I

SN2012il 55941.5 2.56 0.35 878 SLSN-I

SN2012aa 55954.5 3.89 -0.04 376 Ic

SN2012ap 55975.5 1.31 -0.05 55 Ic BL

PTF12bwq 56007.5 3.61 0.44 184 Ib

PS1-12sk 56013.5 2.29 0.75 251 Ibn

LSQ12bph 56017.5 4.13 0.4 207 Ic

SN2012bw 56039.5 4.25 0.57 141 Ic

PTF12cde 56068.5 3.66 0.63 56 Ib/c

Table 1. Observations of the 29 Type Ibc SNe which were detected in the Northern Hemisphere
between May 2011 and May 2012.

(denoted as B
T

) is constant during the observation window. This window is taken to be the
central 99% confidence interval for eq. (3.1), Tmax,sn � 19 days  T  Tmax,sn � 4 days.

Unlike ref. [60], we assume that the signal PDF for neutrino arrival directions is the von
Mises-Fisher (aka the Kent [62]) distribution [47, 63]

Sdir ((↵, �)⌫ , (↵, �)sn) =


4⇡ sinh
eµ, (3.2)

– 4 –

• 29 Ibc SNe
(Open SN catalog)

• Limited number of 
SN Ibc samples 
because only 1 year 
data are public for 
through-going n

• We need more data 
on SNe & neutrinos



Type Ibc Stacking 

• Consistent w. no correlation: Ecr<1051-1052 erg
• Will be updated by the IceCube Collaboration
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Figure 6. Heat map that shows the exclusion limits for values of E
cr

and f
jet

based on synthetic
experiments with true signal neutrinos added. Darker color means higher confidence in exclusion
(e.g., the top right corner is excluded at 90% confidence). Solid lines shows the exclusion region for
an E�2

⌫ neutrino spectrum, while the dashed lines are for an E�2.3
⌫ spectrum.

We are able to place upper limits on the fraction of SNe which have choked jets pointed
towards us fjet, and the total amount of CR energy contained in such jets Ecr. Figure 6 shows
a heat map of the exclusion region in the Ecr � fjet plane which is given by the probability
of observing TSsig > 90% of TSbkg (see section 3.3). We consider the values 0 < fjet  1 to
consider the scenario where no Type Ibc SNe have jets, and when all such SNe contain them.
The solid (dashed) lines show the exclusion contours for a E�2

⌫

(E�2.3
⌫

) neutrino spectrum.
We are able to place limits on fjet down to Ecr ⇠ 1051.5 erg, which is comparable to a typical
SN explosion energy. Note that Ecr is the isotropic equivalent energy, so the true amount
of jet energy contained in CRs would be reduced by a factor ✓2

j

/2 ⇠ 10�1 depending on the
opening angle of the choked jet ✓

j

.

We can compare our result with a simple analytic argument, using the typical IceCube
fluence sensitivity �lim ⇠ 10�4 erg cm�2 and summing over each SN. The limit on Ecr and
fjet is set using the Poissonian probability of observing more neutrinos than the 90% upper
limit assuming a background only hypothesis (Nbkg,90). With the total neutrino background

rate (i.e., n
b

=
P

N

sn

j=1 bj) the 90% upper limit on the number of observed neutrinos in the
background only hypothesis is calculated solving [66]

N

bkg,90X

x=0

nx

b

e�nb

x!
 0.1 (4.1)
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Figure 7. Comparison of the numerical results of our analysis (heat map, see figure 6) with the
90% upper limit determined by eq. (4.2). The white solid line corresponds to the 90% upper limit
using the 28 SNe with measured redshift, while the black dashed line corresponds to the analytic 90%
confidence level using eq. (4.2) and 131 SNe from May 2010–May 2017 (see text for details).

The probability P
>90 of observing more neutrinos given a signal rate (n

s

), assuming the
average isotropic equivalent CR energy released per burst is Ẽcr = Ecr fjet, is given by

P
>90 =

N

bkg,90X

y=0

(n
s

+ n
b

)y e�(ns+nb)

y!
, (4.2)

where n
s

is estimated to be

n
s

= ��1
lim

Ẽcr
32⇡C

N

snX

j=1

1

D2
L,j

, (4.3)

For the 28 SNe in our sample with a measured redshift, this gives Ẽcr,90% ⇠ 1052 erg.

Figure 7 compares the heat map of our numerical results (as seen in figure 6) with the
analytic results produced by eq. (4.2) (white solid line). We see that there is reasonable
agreement between the shape of the exclusion region from both methods, as well as the
location of the 90% confidence limit at Ecr ⇠ 1052 erg (for fjet = 1). With an additional 6
years of IceCube data, we find using eqs. (4.1)–(4.2) that the 90% confidence limit on Ecr can
be improved by a factor of ⇠ 10 (see figure 7 black dashed line, which was calculated using
131 Type Ibc SNe that were observed between May 2010–May 2017 with an extrapolation of
the expected neutrino background rate for 7 years of data from 1 year of data).

– 11 –

one year public data: numerical analytical sensitivity

1 yr
(28 SNe)

7 yr
(131 SNe)
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Another Idea: Neutrino Follow-Up

Neutrinos 

Neutrinos are not attenuated:
Rare SN ransients can be found                             

(ex. KM et al. 06 ApJL)

A few (even ~1) neutrinos can 
tell us where the source is 

Neutrino detection
↓

EHE localization (~0.2-0.8 deg)
HESE localization (~2-9 deg)

↓
follow up observations

AS SOON AS POSSIBLE
for transients



Example of Multiplet Follow-Up: PTF12csy

A pair of two neutrinos
→ Type II supernova is found

(PTF12csy)

MC events that have the reconstructed muon energy proxy Êm
not more than 10% and the reconstructed zenith angle cos( )q
not more than 0.1 away from the observed values of the two
alert events. The median and the central 90% C.L. interval are
calculated from the En probability density functions. The
results are listed in Table 1, where the assumed neutrino
spectrum is given in parentheses.

Follow-up observations at the direction of the neutrino alert
were performed with multiple instruments (see Section 5.1). In
the PTF images, a CCSN, named PTF12csy, was discovered at
R.A. 6h58m32s.744 and decl. 17°15′44″. 37 (J2000), only 0 °. 2
away from the average neutrino direction, see Figures 1 and 2.
This was a promising candidate for the source of the neutrinos,
but a search of the Pan-STARRS1 archive (see Section 5.1)
revealed that it was already at least 169 observer frame days
old, i.e., 158 days in host galaxy rest frame, at the time of the
neutrino alert. Therefore, it is highly unlikely that the neutrinos
were produced by a jet at the SN site, as this is expected to
happen immediately after core collapse in the choked jet
scenario (Ando & Beacom 2005).

However, steady neutrino emission on a timescale of several
months is a possibility and explored in Section 4.1.

3.1. Significance of Alert and SN Detection

The value of the test statistic λ for the neutrino doublet
amounts to 18.1- . The background distribution of λ is
constructed from experimental data, containing mostly atmo-
spheric neutrinos, by randomly permuting (shuffling) the event
times and calculating equatorial coordinates, i.e., R.A. and
decl., from local coordinates, i.e., zenith and azimuth angle,
using the new times. That way, all detector effects are entirely
preserved, e.g., the distribution of the azimuth angle, which has
more events at angles where detector strings are aligned, and
the time distribution, which is affected by seasonal variations.
At the same time, all potential correlations between the events
in time and space, and thus a potential signal, are destroyed.

The false alarm rate (FAR) for an alert with 18.1-l - is
0.226 year−1, calculated via integration of the λ distribution
below −18.1. Considering the OFU live time of 220.1 days in
the data acquisition season of the alert, 2011 September to 2012
May, yields N 18.1 0.136( )l < - = false alerts. Hence, the
probability, or p-value, for one or more alerts at least as signal-
like to happen by chance in this period is

P N1 0; 18.1 12.7%Poisson ( ( ))l- < - » . The OFU system
had already been sending alerts to PTF for ∼460 days at the
time of the alert. Scaling up the number of expected alerts with

18.1-l - , one derives a probability of 24%~ during
460 days.
The estimated explosion time of SN PTF12csy does not fall

within the a priori defined time window for a neutrino-SN
coincidence of '(1 day). It is thus not considered an a priori
detection of the follow-up program. Despite this fact, for
illustrative purposes, we calculate the a posteriori probability
that a random CCSN of any type, at any stage after explosion,
is found coincidentally within the error radius of this neutrino
doublet and within the luminosity distance of PTF12csy, i.e.,
300Mpc. The number of such random SN detections is

N
dN
dt dV

T m M r r dr
4

, , 4 2s
det

0

300 Mpc
SN

lim
2( )ˆ ( )òp

p=
W

where sW is the solid angle of the doublet error circle (blue
circle in Figure 1), which is ∼0.93 (°)2. For the volumetric
CCSN rate dN dt dVSN ( ), a value of 0.78 × 10−4

Mpc−3 year−1 is used, (see Horiuchi et al. 2013, Section 4.1).
The control time T m M r, ,lim( ˆ ) is the average time window in
which a SN is detectable, i.e., brighter than the limiting
magnitude. It depends on the distance to the source r, the peak

Figure 1. Map of the sky with the two neutrino event directions, the average
neutrino direction, and the location of SN PTF12csy. Estimated reconstruction
errors are indicated with circles, the PTF FOV is shown as dashed box. The
positions of the PTF survey camera CCD chips are plotted with dotted lines and
the chip number is printed on each chipʼs field (cf. Law et al. 2009). Note that
chip 03 is not operational and thus hatched in the plot.

Figure 2. New image, reference image and post-subtraction image of the PTF
discovery of PTF12csy from 2012 April 09, with the location of PTF12csy in
the center. This image shows only a small fraction of the PTF FOV. The image
from the Sloan Digital Sky Survey (SDSS-III) DR12 (Gunn et al. 2006;
Eisenstein et al. 2011; Ahn et al. 2014; Alam et al. 2015) is shown for
reference, showing a faint host galaxy to the south of the SN.
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curves. For Figures 6 and 7, the P48 Mould R magnitudes are
converted to SDSS r by subtracting the Hα contribution (as
above), applying the formulae in Ofek et al. (2012) valid for
blackbody spectra, and then re-adding the Hα contribution to
the r-band. After conversion, the P48 R magnitudes are
consistent with the P60 SDSS r magnitudes.

The SwiftUVOT data contain host contamination. Since no
GALEX data from a pre- or post-SN epoch are available for the
host galaxy,73 no host subtraction can be done in the UV filters
of UVOT. For the u, b and v filters, the host is subtracted by
interpolating the host magnitudes from the SDSS DR12 data
(Alam et al. 2015)74 to the effective wavelengths of the UVOT
filters.

5.2.2. The Light Curves

The earliest detection of PTF12csy was in the Pan-
STARRS1 y-band on 2011 October 13 (MJD 55847.582),
169 days prior to the neutrino alert in observer frame,
corresponding to 158 days in host galaxy rest frame using
z = 0.0684 (see Section 5.3). The latest non-detection, again in
Pan-STARRS1, was on 2011 March 21 (MJD 55641.3) in a
30 s z-band frame, 206 days before the first detection (193 days
in rest frame). Hence, the explosion time is not well constrained
and can be anytime between MJD 55641.3 and MJD 55847.6.
Hereafter, we refer to the y-band detection at MJD 55847.582
as the first detection and use it as day 0 for the light curve.

The uncorrected SN light curves with the data available
through the IceCube OFU program are displayed in Figure 5,
including photometry acquired with the SwiftUVOT filters
uvw2, uvm2, uvw1, u and b; the Johnson B filter on P60; the
SDSS filters g, r, i with data from P60, PS1, and FTN; the
SDSS z filter on P60; Mould R filter on P48; and Pan-STARRS
y filter on PS1. The entire uncorrected photometry in apparent
magnitudes, as seen in Figure 5, is also available in Table 3.

The light curves are averaged within bins of 10 days width, for
each filter and telescope separately. Note that, in contrast to
most of the other photometry, no host subtraction is performed
for the SwiftUVOT magnitudes presented in Figure 5 and
Table 3.
Figure 6 shows the light curve of selected filters in absolute

magnitudes, after the photometric corrections. Light curves of
other exceptional SNe II are overlaid for comparison: SN IIn
2006gy (Ofek et al. 2007; Smith et al. 2007; Kawabata
et al. 2009; Miller et al. 2010a), one of the most luminous SNe
ever recorded, and SN 2010jl (Stoll et al. 2011; Zhang
et al. 2012), a SN IIn that is spectroscopically similar to
PTF12csy (see Section 5.3) and shows signs of a collisionless
shock in an optically thick CSM, hinting toward potential HE
neutrino production (Ofek et al. 2013). Note that the SN 2010jl
light curve is not extinction corrected and the comparison light
curves have different reference dates: SN 2010jl is relative to
maximum light, 2006gy is relative to the explosion time. A
theoretical light curve from pure radioactive decay of

Ni Co Fe56 56 56l l (black dashed line) is added to the figure
as well, scaled to match the observed absolute magnitude of
PTF12csy.
The brightest observed absolute magnitudes after application

of photometric corrections (see Section 5.2.1) and converting to
absolute magnitudes with a distance modulus of 37.443m =
(z 0.0684= ) are Mg ≈ −19.0 mag, Mr ≈ −19.0 mag, Mi ≈
−19.6 mag, Mz ≈ −19.4 mag, and My ≈ −19.0 mag, assuming
standard cosmology with Hubble parameter H0 = 70 km s−1

Mpc−1, matter density 0.3mW = , and dark energy density
0.7W =L . While these are lower limits to the peak magnitude

due to the sparse sampling, these absolute magnitudes are
relatively modest compared to the most luminous SNe IIn, e.g.,
SN 2006gy (MR = −22 mag) (Kawabata et al. 2009) or
SN 2008fz (MV = −22.3 mag) (Drake et al. 2010). They are
however comparable to the SNe IIn 2008iy (Mr ≈ −19.1 mag)
(Miller et al. 2010b), 1988Z (MR −18.9 mag) (Turatto
et al. 1993) and SN 2010jl (MR −20.0 mag) (Zhang
et al. 2012).

5.2.3. Decline Rates and Energy Source

The light curves of PTF12csy indicate a plateau within
∼100 days after first detection, and a slow fading afterwards.
The corrected absolute magnitude light curves are fitted to
obtain the linear decline rates in different photometric filters,
during different epochs (see Figure 7 and Table 4). For some
epochs and filters, especially g and r, the decline rates are close
to 0.98 mag (100 days)−1, the decline rate expected for
radioactive 56Co decay (Miller et al. 2010b), while in general
decline rates are slower, indicating that at least part of the
radiated energy is powered by interaction of the SN ejecta with
a dense CSM (Miller et al. 2010b).
Additionally, radioactive decay of 56Co at a still relatively

high absolute magnitude of ∼−19 mag implies a preceding
56Ni decay with an extremely bright peak, which was not
observed, although the data are quite sparse. Assuming that the
luminosity is generated by radioactive decay alone and
following Kulkarni (2005), we estimate that 1.7 M☉ of 56Ni
would be required to provide the bolometric luminosity of
9.7× 1042 erg s−1at 100 days in rest frame (see Section 5.2.5).
The lower limit on the 56Ni mass is set by assuming that the
explosion and thus generation of 56Ni was at the latest possible
time, directly before the first detection. Figure 6 shows the

Figure 5. PTF12csy photometry in apparent magnitudes without applying
corrections. The photometry is averaged over intervals of 10 days. The data
originate from the following telescopes: uvw2, uvm2, uvw1, u, b: UVOT; B:
P60; g: P60, PS1, FTN; r: P60, PS1, FTN; R: P48; i: P60, PS1, FTN; z: P60,
PS1; y: PS1.

73 See http://galex.stsci.edu/GalexView/
74 http://skyserver.sdss.org/dr12/en/tools/chart/navi.aspx
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• Weak correlation
• Probability that it happens 

by accident ~ 3% 
(not significant)



Astrophysical Multi-Messenger Observatory Network (AMON)

IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

Light (elemag)

Gravitational wave
(gravity)

Cosmic-ray 
(strong force)

Neutrino (weak force)

AMON/GCN (present pipeline)
HESE track: 2-9 deg (90%)
HESE/EHE: 0.4-1.6 deg (50%)

Swift

HAWC

VERITAS

Auger

Advanced-LIGO

IceCube

- send “public” alerts
- n-g subthreshold events
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Active Galactic Nuclei & Diversity
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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3C 296

Cygnus A

- jets of radio-loud AGN 
(including blazars)

- weak jets of radio-quiet AGN
- disk-driven outflows
- accretion disk/corona
- black hole magnetosphere

spinfrom Dermer

accretion power



Extragalactic Gamma-Ray Sky Dominated by Blazars

Ajello+ 15

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes
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Fig. 5.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial (bot-

tom) coordinates. Red circles: FSRQs, blue circles: BL Lacs, green triangles: blazars of unknown

type, magenta stars: other AGNs.
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

Ackermann+ 15

Ajello+ 15 ApJL

48 months of observations : 
3LAC: 1563 sources 
1444 AGNs in the clean sample
most of them are blazars

Ajello+ 14 ApJ



Digging Sub-Threshold Sources
Data-driven approach
pixel-photon count distribution

source-count distribution
(# used in X-ray astronomy)

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2

See http://healpix.sourceforge.net
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fluxes, the expected number of detected sources becomes
quickly incompatible with the values measured in the
2FHL, even when compensating by making α2 steeper
(e.g., for Sb ¼ 5 × 10−12 ph cm−2 s−1 and α2 ¼ 1.10, we
predict 318" 20 sources).
Alternatively, it is possible to probe directly flux values

below the 2FHL detection threshold by applying a source
TS cut lower than the nominal value of 25 used for the
construction of the catalog. As long as the source detection
efficiency is self-consistently derived, the intrinsic source
count distribution is independent of the TS cut and lower
cut values translate into lower detection thresholds. By
repeating the analysis with TS > 10 we were able to add a
new point at about 6 × 10−12 ph cm−2 s−1 that, albeit with a
relatively large error, corroborates the presence of a break at
1 × 10−11 ph cm−2 s−1 (see bottom panel of Fig. 3).
Finally, we have checked that the shape of the derived

dN=dS distribution is not significantly affected by a change
of α1 within its error.
The lowest flux that the photon fluctuation analysis is

sensitive to can be estimated by adding to the source count
distribution one more break flux below that of the bench-
mark model. We fixed the slope below this second break to
α3 ¼ 1.80, which is at the edge of the derived range for α2,
while the break flux is varied in the range Slim ∈ ½5 ×
10−13; 5 × 10−12$ ph cm−2 s−1 to register when a worsening
of the χ2 (with respect to the best-fit one) is observed. The
result of this analysis is that the fit worsened by more than
3σ for Slim ≳ 1.3 × 10−12 ph cm−2 s−1. The results of the
photon fluctuation analysis are reported in Figs. 3 and 4,
which show that this technique allows us to measure the
source count distribution over almost three decades in flux.

In the bottom panel of Fig. 3, we show the fluxes at which a
source count distribution with any given slope α2 below
Sb ¼ 1 × 10−11 ph cm−2 s−1 would produce 100% (or
85%) of the EGB.
We have tested also the possibility that a new s

ource population could emerge in the flux distribution
with a Euclidean distribution, as might be expected, for
example, from star-forming galaxies [22]. In this test we
set α3 ¼ 2.50 and follow the method described above to
derive the maximum flux at which a possible resteepening
of the source counts might occur. This is found to be
Slim ≈ 7 × 10−13 ph cm−2 s−1 and the integrated emission
of such a population would exceed at fluxes of
∼7 × 10−14 ph cm−2 s−1, the totality of the EGB intensity.
Our best-fit model for the flux distribution dN=dS is,

therefore, for S ≳ 10−12 ph cm−2 s−1, a broken power-law
with break flux in the range Sb ∈ ½0.8; 1.5$ × 10−11, slopes
above and below the break of α1 ¼ 2.49" 0.12 and
α2 ∈ ½1.60; 1.75$, respectively, and a normalization
K ¼ ð4.60" 0.35Þ × 10−19 deg−2 ph−1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no resteepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.
Figure 4 reports the theoretical expectations for the

source count distribution given by blazars [4,14] and BL
Lacs [13]. These models are consistent with the observa-
tions at bright fluxes, but are above the experimental
Nð> SÞ by about a factor of 2 at S ¼ 10−12 ph cm−2 s−1.
We include in the same figure also the predicted 5 mCrab
sensitivity reachable by CTA in 240 h in the most sensitive
pointing strategy [16]. At these fluxes the source density is
0.0194" 0.0044 deg−2, which translates to the serendipi-
tous detection of 200" 45 blazars in one quarter of the full
sky. It is also interesting to note that our analysis constrains
the source count distribution to fluxes that are much fainter
than those reachable by CTA in short exposures.
Once known, the source count distribution can be used to

estimate the contribution of point sources to the EGB. This
is performed by integrating the flux distribution dN=dS as
follows:

I ¼
Z

Smax

0
S0
dN
dS0

dS0 ½ph cm−2 s−1 sr−1$: ð3Þ

Choosing Smax ¼ 10−8 ph cm−2 s−1 we find that the total
integrated flux from point sources is 2.07þ0.40

−0.34×
10−9 ph cm−2 s−1 sr−1, which constitutes 86þ16

−14% (The
quoted range takes into account only the uncertainty on
the photon fluctuation analysis and can extend above
100%. Indeed, it does not consider possible systematic
correlations between the cumulative intensity of sources
and the intensity of the EGB, which were measured in two
separate analyses.) of the EGB above 50 GeV estimated in
Ref. [2]. This validates the predictions of models [4,5,13].

FIG. 5. Comparison between the pixel count distribution from
the average of 20 simulations (blue points), and the distribution
from the real sky (red points). The green points show the
difference between the two distributions. In each number of
photon bin Nphotons ranging between ½Nphoton;1; Nphoton;2$, we
display Npixel with Nphotons ∈ ½Nphoton;1; Nphoton;2Þ.
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profile-based fitting

The first compares the input source fluxes Strue with the
fluxes Smeas measured with the Fermi Science Tools in the
simulations. The result displayed in the top panel of Fig. 2
shows that for bright sources this ratio converges to 1 as
expected in the absence of biases or errors. On the other
hand, Smeas=Strue for faint sources deviates systematically
from 1. This effect is readily understood as caused by the
Eddington bias, which is the statistical fluctuations of
sources with a simulated flux below the threshold to a
flux above the detection threshold [12]. Our second check
compares the average photon index distribution (dN=dΓ),
as derived from the simulations, with the same distribution
as derived from the 2FHL catalog. This is reported in the
bottom panel of Fig. 2 and it shows that our description of
the γ-ray sky and of the blazar population is faithful to the
real one.

The results from analyzing the sources in the simulated
data can be used to measure the detection efficiency ωðSÞ,
which is a weighting factor that takes into account the
probability to detect a source as a function of flux. The
detection efficiency is simply derived from the simulations,
measuring the ratio between the number of detected sources
and the number of simulated ones as a function of measured
source flux. The result reported in Fig. 3 shows that the
LAT detects any source in the jbj > 10° sky for fluxes

FIG. 2. Top panel: Ratio of the measured-to-simulated source
flux (as derived from the analysis of the simulations described in
the text) as a function of simulated source flux. Bottom panel:
Comparison between the photon index distributions of sources
detected in 2FHL (blue points) and the average of the simulations
(red points).

FIG. 3. Top panel: Detection efficiency ωðSÞ (blue points) as a
function of source flux and normalized distribution of source
fluxes detected in 2FHL (gray shaded histogram). Bottom panel:
Intrinsic S2dN=dS distribution measured with two different cuts
on the source TS: 25 (black points) and 10 (red points, for the
lowest four flux bins only). The black solid line shows our best-fit
model, while the gray and cyan bands show the 1σ and 3σ
uncertainty bands from the photon fluctuation analysis. The
vertical brown dotted line represents the sensitivity of the photon
fluctuation analysis. The orange and red curves indicate where
85% and 100% of the EGB intensity above 50 GeV [2]. Taking
the 100% curve as an example, any point on that curve that is
joined with a power law to the measured source count distribution
at S ≈ 10−11 ph cm−2 s−1, will give a source count distribution
that produces 100% of the EGB.

PRL 116, 151105 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
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PS contribution
to total g-ray bkg.

86%+16%-14%
(Fermi 16 PRL)

68%+9%-8%
(Lisanti+ 16 ApJ)



Energy Budget & Redshift Evolution

Ajello+ 15

Luminosity density
BL Lacs:
2x1045 erg Mpc-3 yr-1

FSRQs:
~(1-4)x1044 erg Mpc-3 yr-1

UHECR:
~1044 erg Mpc-3 yr-1 

Candidate sources of UHECRs

positive evolution
for BL Lac + FSRQ

Ajello+ 15



Stacking Constraints on Blazars?
IceCube Collaboration 17 ApJ

All 2LAC

HBL 2FHL

IceCube Collaboration 17 ICRC

g-ray bright blazars are largely resolved -> stacking analyses are powerful
- All 2LAC, FSRQ 3LAC, HBL 2FHL catalogues
2LAC: blazar contribution < 7-27 % of the diffuse neutrino flux
2FHL: blazar contribution < 4-6 % of the diffuse neutrino flux 
# some model-dependence (e.g., spectral templates)

- Important for theoretically-predicted luminosity relationships: Ln ∝ Lg - Lg2

(ex. Palladino, Rodrigues, Gao & Winter 18)



Multiplet & Auto-Correlation Constraints?

<~ 10% of the IceCube flux at 0.1 PeV (and more at higher energies)

# some model-dependence (e.g., spectral templates)
# relevant for weaker redshift evolution (complementary to stacking limits)

Blazars are rare objects in Universe -> search for event clustering is powerful
1. No more than one source of high-energy (Eµ>30-50 TeV) “multiplets” 
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[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

2. IceCube flux (En
2Fn ~ 3x10-8 GeV cm-2 s-1 sr-1) tells us the n energy generation rate

“lower” limits

“upper” limits

dlim: horizon for a source with L
bm,L: depends on analysis details

# auto-corr. E4CP<4x10-19 GeV cm-2 s-2 s-1 -> similar limits within one order of magnitude

n0 > 10-5-10-6 Mpc-3

n0 < 10-7-10-6 Mpc-3 (Ln/1042 erg/s)-3/2

n0 Ln ~ 1044 erg Mpc-3 yr-1

3. Lower limits can be placed from the information 1+2

(Lipari 08, KM+ 12, Kowalski 14, Ahlers& Halzen 14, KM & Waxman 16, Ando+ 17, IceCube Collaboration 1807.11492 etc.)

(for no redshift evolution)



Multiplet & Auto-Correlation Constraints?

<~ 10% of the IceCube flux at 0.1 PeV (and more at higher energies) 
# some model-dependence (e.g., spectral templates)
# relevant for weaker redshift evolution (complementary to stacking limits)

Blazars are rare objects in Universe -> search for event clustering is powerful
(Lipari 08, KM+ 12, Kowalski 14, Ahlers& Halzen 14, KM & Waxman 16, Ando+ 17, IceCube Collaboration 1807.11492 etc.)

no more than one source
of multiplets w. Eµ>30-50 TeV
(auto-correlation gives similar 
constraints within ~10)
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Fig. 8.— Spectral energy distribution of Mrk 421 averaged over all the observations taken
during the multifrequency campaign from 2009 January 19 (MJD 54850) to 2009 June 1

(MJD 54983). The legend reports the correspondence between the instruments and the mea-
sured fluxes. The host galaxy has been subtracted, and the optical/X-ray data were corrected

for the Galactic extinction. The TeV data from MAGIC were corrected for the absorption in
the extragalactic background light using the prescription given in Franceschini et al. (2008).

Spectral energy distribution (SED): typically “two hump” structure
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Fig. 8.— Spectral energy distribution for Mrk 501 averaged over all observations taken during

the multifrequency campaign performed between 2009 March 15 (MJD 54905) and 2009
August 1 (MJD 55044). The legend reports the correspondence between the instruments

and the measured fluxes. Further details about the instruments are given in §5.1. The
optical and X-ray data have been corrected for Galactic extinction, but the host galaxy
(which is clearly visible at the IR/optical frequencies) has not been subtracted. The TeV

data from MAGIC and VERITAS have been corrected for the absorption in the extragalactic
background light using the model reported in Franceschini et al. (2008). The VERITAS data

from the time interval MJD 54952.9–54955.9 were removed from the data set used to compute
the average spectrum, and are depicted separately in the SED plot (in green diamonds). See
text for further details.
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Fig. 16.— The SED of 0FGL J1256.1-0547 = 3C279 (left) and of 0FGL J1310.6+3220 =

1Jy1308+326 (right)
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Fig. 17.— The SED of 0FGL J1457.6-3538 = PKS 1454-354 (left) and of 0FGL J1504.3+1030 =

PKS1502+106 (right)
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Fig. 18.— The SED of 0FGL J1512.7-0905 = PKS 1510-089 (left) and of 0FGL J1522.2+3143 =

B2 1520+31 (right)

Mrk 421 (z=0.033)
Abdo+ 11

F. Tavecchio et al.: On the origin of gamma-ray emission of PKS 1222+216

Fig. 1. Spectral energy distribution of PKS 1222+216 close to
the epoch of the MAGIC detection (2010 June 17). Red points at
optical–UV and X–ray frequencies are from a Swift observation
of June 20. For comparison, cyan data-points show the X-ray
spectrum two weeks before, on May 29 (see text). Fermi/LAT
(red squares and “bow tie”) and MAGIC data (corrected for ab-
sorption by the EBL using the model of Dominguez et al. 2011)
are taken from Aleksic et al. (2011b). The thick black solid
line shows the LAT spectrum in quiescence (from Tanaka et
al. 2011). Magenta open squares are SDSS photometric points.
Magenta filled pentagons are IR data from Malmrose et al.
(2011). Green points report historical data (from NED, circles,
and Tornikoski et al. 1996, squares).

as clearly visible in the SEDs. This difference could reveal an in-
crease of the accretion luminosity between the SDSS (Jan. 2008)
and the UVOT (June 2010) observations, possibly related to the
high activity in γ rays.

Malmrose et al. (2011) recently reported Spitzer observa-
tions in the IR band for four sources, including PKS 1222+216.
The IR data points (filled magenta pentagons in Fig.3) track a
bump around 3 µm which is well fitted by a black body with
temperature of T = 1200 K, clearly related to the thermal emis-
sion from the putative dusty torus. Finally, we also add historical
radio (from NED) and millimeter (Tornikoski et al. 1996) data
(green open circles and open squares, respectively).

3. Modelling the SED
3.1. Observational facts and problems
In modeling the observed SED we are constrained/guided by the
following observational facts:
1) The MAGIC VHE spectrum (70–400 GeV) is well described
by a hard power law, with photon index (after correction for
absorption by the interaction with the extragalactic background
light) of 2.7±0.3, and a cut-off for energies lower than 130 GeV
is excluded. This spectrum smoothly connects with the LAT
spectrum close to the MAGIC detection (Tanaka et al. 2011),
strongly suggesting that high-energy and VHE emissions belong
to a unique spectral component, originating in the same region.
2) The MAGIC lightcurve shows a significative increase of the
flux during the 30 min observation, with a doubling time of

about tvar ≃ 10 minutes. The causality relation R < ctvar(1 + z)δ
allows us to constrain the size of the emitting region to R <
2.5 × 1014(δ/10) cm for typical values of the Doppler factor
δ = 10.
3) The LAT long-term lightcurve (Tanaka et al. 2011) is charac-
terized by periods of quiescence and smooth, long lasting (∼ 1
week) flares. The MAGIC detection coincides with the raising
part of a flare lasting for approximately 3 days. The γ–ray LAT
flux (F>100MeV ∼ 6.5 × 10−6 ph cm−2 s−1) was about half that
recorded at the maximum of the flare (F>100MeV ∼ 13.5 × 10−6
ph cm−2 s−1), reached the day after the MAGIC detection .

Standard one-zone models for FSRQ generally assume that
a single region in the jet, with a size comparable with that of the
jet cross sectional radius, is responsible for the emission from
IR to GeV frequencies. The location of this region is generally
assumed to be inside the BLR (e.g. Dermer et al. 2009, Ghisellini
& Tavecchio 2009), but scenarios considering regions beyond it
have been discussed (e.g., Sikora et al. 2008, Marscher et al.
2008).

The observational facts listed above already pose some prob-
lems to this view. Points 1) and 2) imply that the entire MeV-
GeV and VHE emission component at the epoch of the MAGIC
detection was produced in a very compact emission region out-
side the BLR, to minimize the expected severe absorption above
10 GeV (but see Stern & Poutanen 2011). In the framework of
one-zone models, a first possibility is therefore to assume that
the entire γ–ray activity is due to the cumulative emission of very
compact, uncorrelated traveling regions (resulting from, e.g. in-
ternal shocks, Spada et al. 2001). However, in this case the ex-
pected erratic behavior is in contrast with the smooth long-term
evolution shown by LAT. One way to reconcile this scenario
with point 3) seems to assume the existence of a very com-
pact and stationary region: this would allow fast variations of
the flux and, at the same time, the long term modulation of the
jet power would account for the smooth and coherent evolution.
As an alternative we could envision the existence of two emit-
ting regions, a large region responsible for the long-term evolu-
tion visible in the LAT band and an extremely compact region
accounting for the fast variations.

Motivated by the arguments above, in the following we
present three different scenarios for the VHE flare of PKS
1222+216 (see Fig. 2). In the first case (A) we assume that the
entire SED is produced by a single compact blob outside the
BLR. In the other two cases we consider a two-zone model with
the large region located outside (B) or inside (C) the BLR. For
consistency with the scenario sketched above, in cases B and C
we admit that the large region could substantially contribute to
(even if not dominate) the LAT band also at the epoch of the
MAGIC detection.

3.2. Model setup

A sketch of the assumed geometry is shown in Fig. 2. In all cases
a central BH is surrounded by an accretion disk whose radia-
tion, with luminosity Ld, photoionizes the BLR, modelled as a
spherical shell located at distance RBLR from the BH. Following
Ghisellini & Tavecchio (2009), we set RBLR = 1017L0.5d,45 cm.
This relation provides a good approximation of the most recent
results of the reverberation mapping studies (e.g. Kaspi et al.
2007, Bentz et al. 2009). We suppose that the BLR clouds inter-
cept and reprocess (mainly into emission lines) a fraction ξBLR
of Ld. As discussed in Tavecchio & Ghisellini (2008) a rather

3

Flat-spectrum quasars (FSRQs)
mostly nsyn<1014 Hz, GeV break

BL Lac objects (BL Lacs)
g emission up to TeV energies

more 
powerful

less
powerful

Mrk 501 (z=0.031)
Abdo+ 11

4C21+35 (z=0.538)
Tavecchio+ 11

3C279 (z=0.538)
Abdo+ 10



Leptonic Scenario
Broadband HE radiation: relativistic electrons accelerated in magnetized jets
LE hump = synchrotron emission 
HE hump = synchrotron self-Compton (SSC) or external inverse-Compton (EIC)

• Basic tool: one-zone syn./SSC model w. syn. self-absorption and internal gg
• For EIC: bloadline regions (BLR), dust torus, (scattered) accretion disk
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Fig. 11.— SED of Mrk 421 with two 1-zone SSC model fits obtained with different minimum
variability timescales: tvar = 1 day (red curve) and tvar = 1 hour (green curve) . The

parameter values are reported in Table 4. See text for further details.

Abdo et al. (2011)

FSRQ Modeling

At least three additional 
spectral components:
Accretion disk
EC Disk
EC BLR

External radiation field 
provides a new source of 
opacity; need to perform 
Compton scattering and JJ
opacity self-consistently

Opacity spectral break at a 
few GeV 

Dermer et al. (2009)

BL Lacs
synchrotron/SSC fitting

FSRQs
synchrotron/SSC+EIC model fits 

Mrk 421 (z=0.033)



(Lepto-)Hadronic Scenario?

“SEDs can usually be fitted by both 
leptonic and leptohadronic scenarios”

• Low-energy hump:
synchrotron radiation from primary e

• High-energy hump:
1. proton and ion synchrotron radiation

p+B → p+g
2. proton-induced cascades

p+g → p/n, p → p/n, n, g, e (3) 

– 55 –

Fig. 9.— Hadronic model fit components: π0-cascade (black dotted line), π± cascade

(green dashed-dotted line), µ-synchrotron and cascade (blue dashed-triple-dotted line), pro-
ton synchrotron and cascade (red dashed line). The black thick solid line is the sum of all

emission components (which also includes the synchrotron emission of the primary electrons
at optical/X-ray frequencies). The resulting model parameters are reported in table 3.

Abdo+ 11

smoking gun? -> neutrinos!

p, µ-induced
cascades

p-syn

Mrk 421 (z=0.033)

common problems: 
- large CR power is often necessary
(Lcr > LEdd, ep>100-1000ee)

- more free parameters
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Source physics
• Gamma-ray origin: leptonic vs hadronic?

• CR acceleration process & magnetic fields?

• Jet properties (total power composition etc.)

• What can we learn about engines (jet-disk connection)? 

Origins of extragalactic background emissions
• Can AGN jets be the dominant origin of UHECRs? 

• Can be blazars be the dominant origin of HE neutrinos? 

• Interplay of BL Lacs, FSRQs, FR I galaxies & FR galaxies etc.?

Open Questions
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Ions? Maximum CR Energy
~10% of AGN have powerful jets: “radio-loud AGN”

~0.1-1% of them are FR II galaxies and FSRQs (on-axis) 

KM, Dermer, Takami, & Migliori 2012 ApJ

Hillas condition: EA
max=ZeB’GR’

nearby FR I & blazars seen by Fermi

FSRQ w. G=10
(comoving frame)

Fe: Emax~1017.5 eV

Emax < Z1019 eV for FSRQs
pg/Ag losses are very important

FSRQs cannot be 1020 eV nuclei sources
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Ions? Maximum CR Energy
~10% of AGN have powerful jets: “radio-loud AGN”

Most of them are FR I galaxies and BL Lacs (on-axis) 

KM, Dermer, Takami, & Migliori 2012 ApJ

Hillas condition: EA
max=ZeB’GR’

nearby FR I & blazars seen by Fermi
Emax ~ Zx(1018-1019) eV for BL Lacs
pg/Ag losses are irrelevant  

BL Lacs could be 1020 eV nuclei sources

HSP BL Lac w. G=10
(comoving frame)

Fe: Emax~1020.5 eV



formulation for blazars, note that for GRB blast waves, the
isotropic luminosity in the wind comoving frame is
≈Lcr=Γ2 [60]. As in GRBs, we introduce the CR (or
nonthermal baryon) loading factor by [60]

ξcr ≡ Lcr

Lrad
: ð16Þ

As seen below, we need (depending on s) ξcr ∼ 1–100 to
achieve the local CR energy budget of∼1044 ergMpc−3yr−1
at 1019 eV, which is required for the sources of UHECRs
(see Ref. [23] and references therein). If the radiative
efficiency is similar in GRBs and blazars, it is natural to
assume that the same CR acceleration mechanism leads to
similar values of ξcr. However, modeling of the blazar
emission suggests that the radiative efficiency may be lower
at higher luminosities [32,44], implying that ξcr weakly
increases as Lrad. Throughout this work, we consider the
simplest assumption that ξcr is independent of Lrad, and
similarly for GRBs.
The maximum energy of accelerated CRs is estimated by

comparing the acceleration time (tacc) with the cooling time
(tc) and dynamical time (tdyn ≈ lb=c) in the acceleration
zone. In QHBs, the photomeson process is usually the most
important proton cooling process, and its energy-loss time
scale (in the comoving frame of the jet) is given by [17,61]

t−1pγ ðεpÞ ¼
c
2γ2p

Z
∞

ε̄th

dε̄σpγðε̄Þκpðε̄Þε̄
Z

∞

ε̄=2γp
dεε−2nε; ð17Þ

where ε̄ is the photon energy in the rest frame of the proton,
γp is the proton Lorentz factor in the comoving frame, κp is
the proton inelasticity, and ε̄th ¼ 145 MeV is the threshold
photon energy for photomeson production. Numerical
results of t−1pγ are shown in Figs. 5, 6, 7, and 8, as well

as energy-loss time scales of the Bethe–Heitler electron-
positron pair production (Bethe–Heitler), proton synchro-
tron emission (syn), and proton inverse inverse-Compton
scattering (IC) processes.
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FIG. 5 (color online). Proton cooling, acceleration, and
dynamical time scales in the jet comoving frame. Legend labels
the different time scales, including the case of luminous QHBs
with L5GHz¼1047 ergs−1 that corresponds to Lrad¼1050.92 ergs−1.
Note that εp is defined in the comoving frame of the blob and
Γ ¼ 10 is assumed.
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FIG. 6 (color online). Same as Fig. 5, but for QHBs with
L5GHz ¼ 1045 erg s−1, corresponding to Lrad ¼ 1049.11 erg s−1.
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FIG. 7 (color online). Same as Fig. 5, but for LSP BL
Lac objects with L5GHz ¼ 1043 erg s−1, corresponding to
Lrad ¼ 1046.56 erg s−1.
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FIG. 8 (color online). The same as Fig. 5, but for HSP BL
Lac objects with L5GHz ¼ 1041 erg s−1, corresponding to
Lrad ¼ 1045.8 erg s−1.
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formulation for blazars, note that for GRB blast waves, the
isotropic luminosity in the wind comoving frame is
≈Lcr=Γ2 [60]. As in GRBs, we introduce the CR (or
nonthermal baryon) loading factor by [60]

ξcr ≡ Lcr

Lrad
: ð16Þ

As seen below, we need (depending on s) ξcr ∼ 1–100 to
achieve the local CR energy budget of∼1044 ergMpc−3yr−1
at 1019 eV, which is required for the sources of UHECRs
(see Ref. [23] and references therein). If the radiative
efficiency is similar in GRBs and blazars, it is natural to
assume that the same CR acceleration mechanism leads to
similar values of ξcr. However, modeling of the blazar
emission suggests that the radiative efficiency may be lower
at higher luminosities [32,44], implying that ξcr weakly
increases as Lrad. Throughout this work, we consider the
simplest assumption that ξcr is independent of Lrad, and
similarly for GRBs.
The maximum energy of accelerated CRs is estimated by

comparing the acceleration time (tacc) with the cooling time
(tc) and dynamical time (tdyn ≈ lb=c) in the acceleration
zone. In QHBs, the photomeson process is usually the most
important proton cooling process, and its energy-loss time
scale (in the comoving frame of the jet) is given by [17,61]

t−1pγ ðεpÞ ¼
c
2γ2p

Z
∞

ε̄th

dε̄σpγðε̄Þκpðε̄Þε̄
Z

∞

ε̄=2γp
dεε−2nε; ð17Þ

where ε̄ is the photon energy in the rest frame of the proton,
γp is the proton Lorentz factor in the comoving frame, κp is
the proton inelasticity, and ε̄th ¼ 145 MeV is the threshold
photon energy for photomeson production. Numerical
results of t−1pγ are shown in Figs. 5, 6, 7, and 8, as well

as energy-loss time scales of the Bethe–Heitler electron-
positron pair production (Bethe–Heitler), proton synchro-
tron emission (syn), and proton inverse inverse-Compton
scattering (IC) processes.
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FIG. 5 (color online). Proton cooling, acceleration, and
dynamical time scales in the jet comoving frame. Legend labels
the different time scales, including the case of luminous QHBs
with L5GHz¼1047 ergs−1 that corresponds to Lrad¼1050.92 ergs−1.
Note that εp is defined in the comoving frame of the blob and
Γ ¼ 10 is assumed.
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FIG. 6 (color online). Same as Fig. 5, but for QHBs with
L5GHz ¼ 1045 erg s−1, corresponding to Lrad ¼ 1049.11 erg s−1.
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FIG. 7 (color online). Same as Fig. 5, but for LSP BL
Lac objects with L5GHz ¼ 1043 erg s−1, corresponding to
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FIG. 8 (color online). The same as Fig. 5, but for HSP BL
Lac objects with L5GHz ¼ 1041 erg s−1, corresponding to
Lrad ¼ 1045.8 erg s−1.
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Proton Maximum Energy?
Some AGN have powerful jets: “radio-loud AGN”
On-axis objects are called “blazars = BL Lacs + FSRQs”

Emax ~ 3x1019 eV
limited by dynamical time

Z=1
(comoving frame)

p: emax~3x1018 eV

E~Ge

Z=1
(comoving frame)

p: emax~3x1016 eV

BL Lac (low-power blazar) FSRQ (high-power blazar)

Emax ~ 3x1017 eV 
limited by pg losses

Such consideration is now possible thanks to the multi-wavelength data
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Fig. 2. Left panel: Di↵erential continuum luminosity spectra of observed photons from blazars.44

The sold, dotted, and dashed curves represent the non-thermal jet component, the accretion disk
component, and the torus infrared component, respectively. The radio luminosity at 5 GHz varies
as log(L5GHz) =47, 46, 45, 44, 43, 42, and 41, in units of erg s�1 from top to bottom. Right panel:
Di↵erential luminosity spectra of photohadronic neutrinos from blazars.44 The muon neutrino
spectrum is calculated for s = 2.0 and ⇠cr = 10, with neutrino mixing. From top to bottom, the
radio luminosity varies corresponding to the left panel.

show such broad optical and UV emission lines from the BLR, and the dust torus
plays a key role in the AGN unification scheme.45

High-energy protons may be accelerated by di↵usive shock acceleration or
stochastic acceleration in a jet. They interact with synchrotron photons provided
by non-thermal electrons that are co-accelerated in jets.17,46–50 The e↵ective optical
depth to photomeson production is estimated to be
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where �t0 is the variability time in the black hole rest frame, and �l ⇠ 1.5 and �h ⇠
2.5 are the low-energy and high-energy photon indices, respectively. When cooling
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We immediately see the following features. For a power-law CR spectrum such as
E�2

p , the resulting neutrino spectra should be hard since fp� increases with energy.
As an example, let us consider BL Lacs, where external radiation fields are not
relevant. As shown in the right panel of Fig. 2, neutrino spectra of BL Lacs rise
up to EeV energies, and the peak energy is much higher than ⇠ 1 PeV and the
Glashow resonance energy at 6.3 PeV. Second, fp� is quite sensitive to �. This
is one of the reasons why blazar neutrino models have large uncertainties in their
predictions for the normalization of the neutrino flux.

Next, we consider interactions with external photons provided by the BLR clouds
and the IR dust torus. The importance of BLR photons and IR photons for the
neutrino production has been studied by several authors.24,25,44,49 For the calcula-
tion, one can use empirical relations between the BLR/torus size and accretion-disk
luminosity LAD.51,52 Then, assuming an isotropic distribution in the black hole rest
frame, the photomeson production e�ciency in the BLR is estimated to be44

fp� ⇡ n̂BL�
e↵
p� rBLR ' 5.4⇥ 10�2 fcov,�1L

1/2
AD,46.5, (6)

above the pion production threshold energy, where fcov is the covering factor and
�e↵
p� is the attenuation cross section of the photomeson production. Similarly, the

photomeson production e�ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be44

fp� ' 0.89 L
1/2
AD,46.5(TIR/500 K)�1

, (7)

above the pion production threshold energy. Importantly, fp� does not depend on �
and �t0, which implies that the results on neutrino fluxes are much more insensitive
to model parameters compared to the case of internal synchrotron target photon
fields. The photomeson production with external radiation fields is important and
should not be neglected for luminous blazars such as LBLs and QHBs, leading to
spectral bumps in the PeV and EeV range (see the right panel of Fig. 2). Note that
the accretion-disk emission is also important if ⌧sc & fcov.

Final results of the di↵use neutrino intensity depend on the neutrino luminos-
ity function. It has been suggested that the spectral energy distributions of blazars
evolve with luminosity, which is the so-called blazar sequence51,53 (see the left panel
of Fig. 2). In the simple one-zone leptonic model, since fp� increases with the ob-
served photon luminosity, photohadronic interactions with broadline and IR emis-
sion in LBLs and QHBs play an important role.44 As a result, the neutrino spectrum
is roughly expressed by
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As shown in the right panel of Fig. 2, the resulting neutrino spectra are quite hard
above PeV energies because of IR photons from the dust torus as well as internal
synchrotron photons. One of the advantages of this simple model is that the results
are not sensitive to details of the blazar sequence. This is because photohadronic

neutrino SEDs

interactions w. internal radiation field (D-res.+direct prod.) 

interactions w. external radiation fields (D-res.+multi-pion)

effective optical depth for pg:
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As shown in the right panel of Fig. 2, the resulting neutrino spectra are quite hard
above PeV energies because of IR photons from the dust torus as well as internal
synchrotron photons. One of the advantages of this simple model is that the results
are not sensitive to details of the blazar sequence. This is because photohadronic

independent of G

power-law 
CR spectrum

(s=2.)

fpg ~ ng(kpspg)(Gcdt)
Ln increases w. Lg

(positive luminosity weight)



However, there are three issues. First, this model cannot
explain sub-PeV neutrino events. This is because broadline
emission leads to a low-energy cutoff in neutrino spectra
around PeV energies. 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. (In principle,
lower-energy neutrinos could be produced by assuming
higher-temperature accretion disks and τsc ∼ 1, but we
expect hidden neutrino sources as in the AGN core model,
since multi-GeV γ rays cannot escape.) Thus, for radio-loud
AGN to explain the excess IceCube neutrino signal, a two-
component scenario is needed, as discussed in several works
[73,74]. 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. [75] or,

alternately, different classes of astrophysical sources such as
star-forming galaxies and galaxy groups/clusters. Then it is
natural to expect a spectral dip between the two components,
in the sub-PeV range. It would be premature 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 spectra

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 PeVand 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 E0max

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

explain the PeV neutrino flux is larger than that for
UHECRs, although it seems less problematic compared
to the first and second issues. As seen in Eq. (27), we found
that the photomeson production efficiency is typically a
few percent. Then, for redshift evolution of blazars, the
differential CR energy injection rate to achieve E2

νΦν ∼
3 × 10−8 GeVcm−2 s−1 sr−1 is E0

pQE0
p
j1017 eV ∼ 1.5×

1044fpγ;−1 ergMpc−3 yr−1. This implies that the required
CR loading factor is ξcr ∼ 50–500, while the CR loading
factor to explain UHECRs is ξcr ∼ 3–50 or even lower. In
our simple setup, where fcov ¼ 0.1 for the BLR and ξcr ∝
L0
rad are assumed, the former large values lead to over-

shooting the observed UHECR flux. Hence, the simple
model considered here has difficulty in explaining the
neutrino and UHECR data simultaneously, but more
complicated models might work. For example, CRs could
lose their energies via energy losses such as adiabatic
cooling before leaving the sources. Or the CR spectrum
may be convex, or the maximum energy may be lower [73].
Second, if ξcr somehow increases as Lrad, one could have
higher neutrino fluxes from QHBs without increasing the
UHECR flux. Third, possibly, fpγ may be higher due to
uncertainties of n̂BL and rBLR, and ξcr can be slightly
smaller. Although values of fcov ≳ 0.5 seem unlikely, more
detailed measurements of n̂BL and rBLR with multiwave-
length observations of FSRQs are relevant.
While the inner jet model with a power-law CR proton

spectrum faces a couple of 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, 14, 15, and 16). In particular, for ξcr ¼ 3 and

FIG. 13 (color online). Cumulative neutrino background from
radio-loud AGN in the blazar sequence model. The CR spectral
index s ¼ 2.3, and the CR loading factor ξcr ¼ 100 (thick) and
500 (thin). Note that the former value is motivated by the AGN-
UHECR hypothesis, where the CR energy injection rate is
normalized by the observed UHECR energy generation rate.
The atmospheric muon neutrino background is also shown
(dotted dashed).

FIG. 14 (color online). Same as Fig. 13, but for s ¼ 2.0. Here
ξcr ¼ 3 (thick), and ξcr ¼ 50 (thin). Note that the former value is
motivated by the AGN-UHECR hypothesis.
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Blazars as Powerful EeV n Sources

KM, Inoue & Dermer 14 PRD

• FSRQs: efficient n production, UHECRs largely destroyed
• BL Lac objects: less efficient n production, UHE nuclei survive

- PeV-EeV n: pg w. BLR & dust-torus photons → unique shape
- Strong prediction: cross-correlation w. known <100 bright quasars
- UHECR norm. → lower than the IceCube flux but EeV n detectable

Lcr/Lg=50 
(IceCube norm.)

Lcr/Lg=3
(UHECR norm.)

s=2.0



1. CR neutrons are produced in the blob by e.g., disintegration of nuclei

2. Neutrinos are produced in the extended region via np or ng interactions

Gamma-ray emission in the GeV range is mostly leptonic (Keivani, KM+ 18)

Associated hadronic cascades are “triply” suppressed in the X-ray range 

In principle, this model can explain both 2017 and 2014-2015 flares 

with the single picture as a natural extension of the single-zone modeling

(Rext ~ typical scale of the collimation shock and giant molecular clouds)

- 2017 flare

CR beam production occurs at large radii such that tgg<1 (n-g flare)

ex. fAg ~ 0.1 → real-time Nn ~ 0.1 yr-1 & point-source Nn ~ 1 yr-1

- 2014-2015 flare

CR beam production occurs at small radii such that tgg>1 (orphan flare) 

ex. fAg >~ 1 → point-source Nn ~ 10 yr-1

Neutron Beam Model for Two Flares of TXS 0506+056

KM, Oikinomou & Petropoulou 18 ApJ



Issues in Jet-Cloud Models
Neutrinos could be produced by pp interactions if jet-cloud collisions occur
• Isotropization problem

unavoidable for the system w. the CR beam & non-relativistic target 
- jets must form a relativistic shock with dense clouds
- magnetic fields: G B ~ G 103(Rs/R) G ~ 10 G at 1017 cm for G~10
- rL << R → CR ions must be isotropized
serious energetics issue! (but n-beam model can overcome this issue)

• Heavy-jet problem
unavoidable if pp interactions occur inside the relativistic jet 
- required luminosity largely exceeds the Eddington luminosity

• Origin?
ad hoc: stars may be OK but stellar clusters or BLR clouds are speculative

• Survival?
jet-cloud interactions easily cease (pushed by the jet or crossing the jet) 



Particle Acceleration in AGN Jets?
Inner jet (blazar zone)
r ~ 1016-1017 cm, B ~ 0.1-100 G, G ~ 10 

Large-scale jet, cocoon, hot spot
r ~ 1020-1021 cm,  B ~ 1µG -1 mG, G ~ 1

Hillas condition: Emax ~ZeBrG ~ 3x1019 eV Z (G/10) (B/0.1 G) (r/1017 cm)   

from Marscher



Ei;max ≈ ζeZiBcocl
1=2
cocR

1=2
jet Γjetβjet; ð3Þ

where ζ≡ ðζc=ζaÞ1=2 and λi;coc ∝ E2 is used. From the
simulation results, we found ζ ≃ 2.2ðξc=j=10Þ0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei;max ∼ 1.6Zi EeV for our
reference parameter set (see Fig. 3). We confirm this scaling
relation for mildly relativistic cases of Γjetβjet ∼ 1 [69].
The discrete shear acceleration process is one of the

Fermi acceleration mechanisms, so the accelerated CRs
have a power-law spectrum. Almost all the accelerated
particles can escape. For E < Ei;max, the escaping CRs
show a hard power-law spectrum, dLE=dE ∝ E−1 − E0

(see Fig. 3). It has a spectral break at E ∼ Ei;coh due to the
change of energy dependence of the mean-free path. For
E > Ei;max, the spectrum has a cutoff that is slower than the
exponential (see Appendix A for the detailed results of
Monte Carlo simulations, including the parameter depend-
ence of the spectral shape and cases for the Bohm limit).
Since we consider kiloparsec-scale jets, we can neglect
energy losses due to proton synchrotron, hadronuclear,
photohadronic, and photodisintegration processes.

B. Continuous shear acceleration

There is a shear layer between the jet and the cocoon
where the jet velocity may change linearly [70]. This layer
affects the spectrum of CRs if the size of the shear layer is
larger than the Larmor radius or the scattering mean-free
path of the CRs [43]. Here, we make a brief discussion
about effects of the shear layer, which may have a crucial
influence on the injection process to the discrete shear
acceleration (see Sec. III A).
Inside the shear layer, the evolution of distribution

function is described by the diffusion equation in momen-
tum space. Adding the escape term and injection term,
which are important in our setup, we can write the CR
transport equation as [40,43]

∂f
∂t ¼

1

p2

∂
∂p

!
p2Dp

∂f
∂p

"
−

f
tesc;sl

þQ0δðp − pinj;slÞ; ð4Þ

where Dp ≈ p2λi;slcðdvj=drÞ2=15 is the diffusion coeffi-
cient in momentum space (λi;sl is the mean-free path and
dvj=dr is the velocity gradient in the shear layer), tesc;sl ¼
R2
sl=ð2λslcÞ is the escape time from the shear layer (Rsl is the

size of shear layer), Q0 is the injection rate, and pinj;sl is the
injection momentum. The acceleration time is estimated to
be tacc;sl ¼ p2=Dp ∝ p−δ, where we write the mean-free
path as λi;sl ≈ λ0ðp=p0Þδ. This dependence is the same as
that of tesc, which means that the acceleration time is shorter
for higher energy for δ > 0 [43]. Assuming a power-law
distribution function dN=dE ¼ 4πp2f ∝ p−ssl , we can
obtain the steady state solution as

ssl ¼
# δ−1

2 − qsl ðp < pinj;slÞ
δ−1
2 þ qsl ðp > pinj;slÞ;

ð5Þ

qsl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδþ 3Þ2

4
þ
tacc;sl
tesc;sl

s

: ð6Þ

We confirm this power-law solution by numerically solving
Eq. (4). The spectrum of escaping particles is written as
dLE=dE≈ðdN=dEÞ=tesc;sl∝E−sesc;sl , where sesc;sl ¼∓ qsl−
ð1þ δÞ=2. Considering the linear velocity gradient,
ðdvj=drÞ ≈ cβjet=Rsl, we obtain tacc;sl=tesc;sl ¼ 30c2=
ðR2

slðdvj=drÞ2Þ ≈ 30β−2jet . Then, the index of the escape
spectrum is sesc;sl ∼ 7.3ð−8.7Þ for p > pinj (p < pinj). This
spectrum is so steep that it cannot match the observed
UHECR spectrum. Most of the injected particles escape
from the shear layer before being accelerated to higher
energies. In other words, only few low-energy GCRs that
are injected to the continuous shear acceleration can reach
the injection energy, above which the discrete shear
acceleration operates (see Sec. III A).
Thus, the low-energy GCRs are unlikely to be accel-

erated to UHECRs. Here, we assume that the particles are
injected at the center of the shear layer for simplicity. In
reality, the particles are injected at the edge of the shear
boundary. Although this could affect the spectral shape, it is
unlikely that the injection position drastically changes the
acceleration efficiency. More detailed discussions for the
continuous shear acceleration are beyond the scope of this
work, and remains as a future work.

III. RECYCLING GALACTIC CRS AS UHECRS

A. Injection rate and composition ratio

In our shear reacceleration scenario, we have shown that
the spectrum of escaping CRs is generically hard, and
Ei;max is determined by the five parameters (βjet, Rjet, ξc=j,

FIG. 3. The intrinsic energy spectra of UHECRs produced by
shear acceleration with the injection of GCRs.
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Ep;max is the proton maximum energy, and Zi is the particle
charge for a particle species with i. For low-energy CRs, we
discuss the analytical CR spectrum, and show that the high-
energy CRs can be accelerated mainly via the discrete shear
acceleration mechanism. Then, in Sec. III, we apply the
mechanism to the system that is composed of an AGN jet
and a cocoon inflated by the jet. We find that TeV-PeV CRs
injected from a galactic halo are naturally accelerated by
the shear acceleration, which can generate UHECRs with
energies up to 100 EeV (Fig. 1). We also calculate the
UHECR propagation in intergalactic space, and demon-
strate that our model accounts for the observed Auger data
well. In Sec. IV, we summarize our results and discuss
implications.

II. SHEAR ACCELERATION

Shear acceleration is a class of Fermi acceleration
mechanisms [39–43]. The shear acceleration occurs when
the relativistic particles are inside an ordered shear velocity
field, which is commonly expected in the astrophysical jets
[44–46] and accretion flows [47–49]. When the shear is
continuous in the scale of the mean-free path for scatterings
with magnetic fields, the acceleration mechanism is basi-
cally the same as the stochastic acceleration in a turbulence.
A particle that has a head-on (tail-on) collision gains (loses)
energy, and the particles are statistically accelerated
because the head-on collision is more probable than the
tail-on collision [48,50]. When the scattering mean-free
path is longer than the scale of the shear velocity gradient,
the acceleration is regarded as the Fermi process in the
discrete shear [42,44]. In our scenario, UHECR production
proceeds in this regime due to their large Larmor radii. The
spatial diffusion is important, so that we take a numerical
approach to properly consider the geometry. Note that the
continuous shear acceleration and discrete shear acceler-
ation are different in terms of the properties of CR
acceleration, which leads to the important difference in

their time scales such as the CR escape time and CR
acceleration time. This may result in distinct predictions for
CR spectra.

A. Discrete shear acceleration

1. Setup for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51,52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parametrize
the cocoon radius as Rcoc ≡ ξc=jRjet. The shear between the
jet and cocoon is given by the jet velocity, cβjet. The cocoon
is quasispherical in general. For simplicity, we assume the
vertical length of the jet and the cocoon to be equal to
the cocoon radius: ljet ¼ lcoc ¼ Rcoc, which is sufficient for
the purpose of this work.
We expect that both the jet and cocoon have turbulent

magnetic fields that scatter the particles. We can para-
metrize the mean-free path inside the cocoon as
λi;coc ¼ ðE=Ei;cohÞδlcoh, where lcoh is the coherence length
and Ei;coh ¼ ZieBcoclcoh (Bcoc is the magnetic field strength
in the cocoon). The particles are resonantly scattered by
turbulence for E < Ei;coh, which leads to δ ¼ 1=3 if we
assume the Kolmogorov turbulence inside the cocoon [e.g.
[53]]. On the other hand, particles are scattered in a
nonresonant manner with small-scale turbulence for
E > Ei;coh, resulting in δ ¼ 2 [e.g. [54]]. Both the turbu-
lence and magnetic field are likely to be strong in the jet,
and the diffusion process in the strong turbulence is likely
to be the Bohm limit [49,55]. Thus, we use the Bohm limit
there, λi;jet ¼ E=ðZieBjetÞ, where Bjet is the magnetic field
strength in the jet. The particles move in a manner of the
random walk by these interactions, and undergo multiple
passage through the shear layer. This results in the discrete
shear acceleration.
For a given nuclear species, we inject 262,144 particles

with an injection energy of Ei;inj (see Sec. III A) at the jet-
cocoon boundary at t ¼ 0, and track them by a time of
t ¼ tad ≈ Rcoc=vexp, where vexp is the expansion velocity of
the cocoon. After this time scale, we expect that the
particles lose their energies due to the adiabatic expansion.
Since injected particles are reaccelerated to ultrahigh
energies, more than 89% of the particles escape from the
system by the end of simulation runs. The number of the
injected particles is normalized by the injection rate _Ninj

(see Sec. III A). The particles travel straightly until they are
scattered by a magnetic field. The scattering angle distri-
bution is assumed to be isotropic in the rest frame of each
fluid, which is a simplified but reasonable approximation in
our problem, given that almost all the particles experience
many scatterings during their residence time (cf. [56–58]
and references therein). When the particles diffuse out
beyond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.

FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by the
flow can be accelerated up to ultrahigh energies.
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Example: Shear Acceleration at Kpc Scale Jets

• High abundance of nuclei is challenging 

• Re-acceleration of “galactic” CRs by AGN jets
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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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shear acc. (ex. Stawarz & Ostrowski), one-shot acc. (Gallant & Achterberg)
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Fig. 6.— The diffuse neutrino intensity (per flavor) from RIAFs
in the LLAGN model. The top panel shows the diffuse neutrino
intensity for each model tabulated in Table 2. The dashed line
(B2) almost overlaps the dot-dashed line (B4). The bottom panel
shows the diffuse intensity from two-component model (see text for
detail). The red-solid, green-dashed, and blue-dotted lines show
the total intensity, intensity from low-energy part, and intensity
from high-energy part, respectively. The green triangles represent
the atmospheric muon neutrino background produced by CRs. The
black squares show the observed data of neutrino signals.

trino flux due to the low pion production efficiency.

4.2. Diffuse intensity of cosmic-ray protons

In our model, most of the injected protons escape from
the accretion flow without depletion due to the low effi-
ciency of pion production fπ ! 0.2. Here, we discuss the
effects of escaping protons.
Assuming that the Universe is filled with CR protons,

we can estimate the CR flux as in the neutrino flux.
Figure 8 shows the estimated flux of CR protons for
models B1, B2, B3, and B4. This flux of the escap-
ing protons is much lower than observed CR flux for
1015.5eV < Ep < 1018 eV for all the models. Although
the escaping proton luminosity has weaker dependence
on ṁ than that of neutrino luminosity, the bright part is
dominant for the CR proton flux.
We note that it is unclear whether CRs of Ep ∼ 1016

eV are able to arrive at the Earth from LLAGN. In
fact, the magnetic fields in the intergalactic medium
(IGM) prevent the protons from traveling straightly, so
that the distant sources cannot contribute to the CR

Fig. 7.— The contribution to the total intensity (red-thick lines)
from different luminosity bins (thin lines). The blue-dashed, green-
dotted, and magenta-dot-dashed lines show the fluxes from bright,
middle, and faint parts, respectively. See text for definition of the
each part. The black squares show the observed data of neutrino
signals. The top and bottom panels show the intensity for B2 and
B3, respectively.

flux. The diffusion length of CR protons during the cos-

mic time is estimated to be ∼ 6B−1/6
−8 E1/6

p,16l
1/3
coh,2 Mpc

(Ep ! 1018 eV), where we use B−8 = B/(10−8 Gauss),
Ep,16 = Ep/(10 PeV), and the coherence length lcoh,2 =
lcoh/(100 kpc) (e.g., Ryu et al. 2008). We consider that
the CRs are in cosmic filaments and/or the galaxy groups
with Kolmogorov turbulence, and ignore the cosmic ex-
pansion. In addition, our Galaxy is located in the local
group, where the magnetic fields are probably stronger
than the usual IGM. These magnetic fields can poten-
tially reduce the UHECR flux of Ep ∼ 1019 eV arriving
at the Earth (Takami et al. 2014). We should take the
effects of these magnetic fields into account to discuss the
arrival CR flux in detail.
The escaping protons would diffuse in host galaxies

of LLAGN, and interact with gas in the interstellar
medium (ISM) inside the galaxies. The pion produc-
tion efficiency of pp inelastic collisions in the ISM is esti-
mated to be fπ,gal ≃ Kppnp,galσppcttrap ∼ 8×10−4E−0.3

p,16 ,
where np,gal ∼ 1 cm−3 is the mean nucleon density
in the host galaxy, ttrap = h2/4κ is the trapping time
in the galaxy. We use the scale height h ∼ 1 kpc
and the diffusion coefficient estimated in our Galaxy,

whereas the proton–proton relaxation time is estimated as

t
π

n c

m

m

k T

m c

M m

4
ln

1

2.1 10 ˙ s (14)
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⎞
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⎞
⎠
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where ln Λ is the Coulomb logarithm (e.g., Spitzer 1962).
Thus, RIAFs satisfy t trel fall≫ , which allows F(p) to be non-
thermal (cf. Takahara & Kusunose 1985; Mahadevan &
Quataert 1997). For RIAFs, tfall has the same order as the
dissipation time via the α viscosity tdis (e.g., Pringle 1981).
Thus, the proton distribution function in RIAFs may not be
Maxwellian within the dissipation time.

The protons inside RIAFs are scattered by turbulent
magnetic fields. This process changes the momentum of each
proton whose distribution function may be different from
Maxwellian. In this paper, we consider relativistic protons
accelerated through stochastic acceleration in RIAFs. It is
expected that the stochastic acceleration leads to a hard
spectrum of protons with s 1p < , where dN dE Ep p p

sp∝ −

(e.g., Becker et al. 2006; Stawarz & Petrosian 2008). Thus,
most of the accelerated protons accumulate on the high-energy
end of proton distribution (see Equation (26)). This implies
that it is impossible to accelerate all the protons in RIAFs
because the protons are accelerated using the gravitational
energy released by accretion, which is typically 0.1 m cp

2 per

proton. We assume only a small fraction of protons are injected
to relativistic energy through some plasma processes, such as
the magnetic reconnection (Hoshino 2013, 2015), and those
relativistic protons are governed by the Fokker–Planck
equation (e.g., Stawarz & Petrosian 2008),

( )

F p
p

p D F p
p

t
F p

F p t t F

( )
1

( ) ( )

( ) ˙ , (15)

t p p p2
2

cool

diff
1

fall
1

inj

= +

− + +

∂
∂

∂
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∂
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− −

⎡
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⎛
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⎞
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⎤
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where F(p) is the distribution function of the non-thermal
protons (dN dE πE F p c4 ( )p p p

2= ), p is the momentum of the
protons, Dp is the diffusion coefficient for the momentum
space, Ḟinj is the injection term, tcool is the cooling time, tdiff is
the diffusion time, and tfall is the infall time.
When we consider the relativistic particles, we should

compare the Coulomb loss time for relativistic particles tCoul to
tfall. The Coulomb loss time is estimated to be (e.g., Dermer
et al. 1996)

( )( )
t

R
c

r M m

1225
1 3.8 1.0

ln

7 10 ˙ s (16)

p e
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3 2

T

7
1
3 2

1 BH,7 2
1 3 2

,1

γ θ
τ
α θ γ

≃
− +

Λ
∼ × − −

−

where pγ is the Lorentz factor of the proton. Since t tCoul fall> is
satisfied for RIAFs, we can neglect the Coulomb loss in RIAFs.
It is considered that quasars have standard disks, in which

the physical quantities are much different from those in RIAFs.
For the Shakura–Sunyaev disks in the gas pressure dominant
regime (gas-SSD, Shakura & Sunyaev 1973), we have longer
tfall (t R v R v R H( )( ) 3 10rfall K

2 8α= ≃ ∼ × s), and shorter
trel ( t3 10 s9

dis∼ × ≪− ) than those of RIAFs. The dissipation
time tdis is the same as that of RIAFs (see Equation (13)). Thus,
t t trel dis fall≪ ≪ is satisfied in gas-SSDs. The distribution
function F(p) is expected to be Maxwellian due to the efficient
Coulomb scattering. Even for the relativistic particles, the
Coulomb loss time is much shorter than the dissipation time for

10p
3γ ≲ because they have large optical depth 10T

4τ ∼ (for
the value of Tτ , see Equation (2.16) of Shakura &
Sunyaev 1973). Therefore, it seems difficult to accelerate the
particles in gas-SSDs. For other solutions, such as standard
disks in the radiation pressure dominant regime (Shakura &
Sunyaev 1973) and magnetically arrested disks (Bisnovatyi-
Kogan & Ruzmaikin 1974), the Thomson optical depth may

Table 1
Model Parameters and Resultant Physical Quantities for the Spectrum from a LLAGN

Model ṁ MBH
a ζ eθ Tτ LX

b
p,eqγ P Pcr th L ,totν

c fπ E ,cutγ
d

A1 (reference) 1 10 2× − 107 0.1 2.0 2.2 10 2× − 3.0 1039× 1.4 105× 0.21 7.8 1038× 2.2 10 2× − 14
A2 1 10 3× − 107 0.1 4.1 2.2 10 3× − 2.6 1038× 4.4 104× 0.20 6.4 1036× 2.2 10 3× − 24
A3 1 10 2× − 108 0.1 2.1 2.2 10 2× − 3.5 1040× 4.4 105× 0.21 9.8 1039× 2.3 10 2× − 5.4
A4 1 10 2× − 107 0.3 2.0 2.2 10 2× − 3.0 1039× 3.8 106× 0.21 3.1 1039× 7.7 10 2× − 14
A5 6 10 2× − 107 0.1 0.99 1.3 10 1× − 2.3 1040× 3.4 105× 0.21 3.1 1040× 1.4 10 1× − 1.3

Notes.
a In units of M⊙.
b X-ray luminosity in the 2–10 keV band in units of erg s 1− .
c Total neutrino luminosity in units of erg s 1− .
d In units of GeV.

Figure 1. Target photon spectra emitted by thermal electrons in RIAFs. The
red-solid, the green-dashed, and blue-dotted lines show models A1 (reference),
A2 (low ṁ), A3 (high MBH), respectively. The target photon spectrum for
model A4 is the same with that for A1.
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photon SED

• RIAF plasma can be collisionless
-> CR acceleration in disk/corona

• CR acceleration processes:
magnetic reconnection, shear,
turbulence, accretion shocks, 
potential gap in the BH magnetosphere 

• Both pp & pg interactions should occur
• >10 GeV g rays do not escape



Fate of Beamed Cosmic Rays

UHECR beams should be “isotropized” by many reasons 
- No blazars within the GZK horizon (~100 Mpc)
- structured extragalactic magnetic fields
(clusters: ~1-10 µG, filament: ~10-100 nG)

- radio bubbles/lobes of AGN (~ 1-10 µG) 
- These magnetic fields also affect the observed CR spectraThe Astrophysical Journal, 749:63 (15pp), 2012 April 10 Murase et al.
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Figure 6. Effects of the structured EGMFs on the deflection of UHE protons.
Relative contributions represent how much the apparent cosmic luminosity at
which cosmic rays enter the void region is diluted from ELCR

E at the source.
Note that a two-sided jet is considered throughout this work.
(A color version of this figure is available in the online journal.)

γ -ray-induced fluxes. Indeed, one sees that the relative impor-
tance of the proton-induced γ -ray flux to the γ -ray-induced
flux increases with distance (compare Figure 7 with Figures 1
and 3). Importantly for distant sources, the proton-induced cas-
cade spectrum is much harder than the γ -ray-induced spectrum,
especially above TeV energies. Future VHE observations by
CTA and HAWC are important to identify the origin of UHE-
CRs through detection of high-energy γ -rays, as we demonstrate
for 1ES 0229+200 in the next subsection.

In this work, we are interested in cases where IC cascade
emission in voids is important in the VHE range, since it can
explain hard VHE spectra of extreme TeV blazars as suggested
by Essey et al. (2010). When pairs are mainly supplied via
the Bethe–Heitler process, the timescale of secondary photons
produced by a proton beam roughly becomes

∆t IGV ≃ 14 yr E−2
γ ,11B

2
IGV,−17(λBH/Gpc)(1 + z)−1, (12)

which is more relevant than ∆T CR when the void IGMF is
so strong that ∆T CR < ∆t IGV is satisfied. Here, λBH is the
Bethe–Heitler energy-loss length. One should also keep in mind
that the proton-induced GeV–TeV synchrotron emission from
the structured region itself, where the EGMFs are stronger,
should also be expected (see Gabici & Aharonian 2005; Kotera
et al. 2009, 2011 and references therein). For a weak IGMF that
is of interest in this work, its relative importance is somewhat
smaller when the volume filling fraction of the magnetized
region is taken into account.

We have demonstrated the likely importance of the struc-
tured EGMFs for proton-induced intergalactic cascade emis-
sion. They are also important for UHE nuclei. Since
nuclei with energy ZEp have the same deflection angle as
protons with energy Ep, our results indicate that Fe nuclei
should be significantly isotropized for all observed UHECR
energies. For UHE nuclei, the photodisintegration energy-loss
length is ∼100 Mpc, for which the energy fraction carried by
γ -rays and neutrinos is small as long as Emax

A is not too high.
On the other hand, UHE nuclei supply high-energy pairs via
the Bethe–Heitler process, whose effective cross section is
κBH,AσBH,A ∼ κBH,pσBH,p(Z2/A), which induces cascades in
the same manner as UHE protons. Therefore, the intergalactic
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Figure 7. Spectra of UHE proton-induced cascade emission for various source
redshifts. We assume LUHECR = 1045 erg s−1 with Emax

p = 1019 eV and p = 2.
The source is assumed to be located in the filament with BEG = 10 nG and
λmax = 0.1 Mpc. The low-IR EBL model is here assumed.
(A color version of this figure is available in the online journal.)

cascade signal, which is generated outside the source, is also
important for sources of primary UHE nuclei.9

3.3. Implications for TeV–PeV Observations

In a wide range of EBL models, deabsorption of measured
TeV blazar spectra leads to hard excesses at >TeV energies
in, e.g., 1ES 1101−232, 1ES 0229+200, and 1ES 0347−121
(see, e.g., Figure 8 in Finke et al. 2010). These unusual TeV
spectral emission components are conventionally explained by
(either leptonic or hadronic) emissions at the source, but they
could also be explained by intergalactic cascade emissions. Non-
simultaneous TeV excesses are also seen above the extrapolation
of the GeV flux in NGC 1275 (Abdo et al. 2009b) and the core
of Cen A (Abdo et al. 2010d), but because of their proximity,
these excesses are unlikely to be UHECR-induced emissions
made in intergalactic space.

Figure 8 demonstrates that 1ES 0229+200 can be fit by both
the γ -ray-induced cascade and proton-induced cascade emis-
sions. Because of the uncertainty in EBL models, it is not easy
to distinguish between the two possibilities at ∼0.1–1 TeV
energies. At higher energies, however, our calculations show
that UHECR-induced cascade emission becomes harder than
γ -ray-induced cascade emission resulting from attenuation of
hard γ -ray source photons for a given EBL model. More im-
portantly, the emission spectrum measured as a result of the
injection of VHE/UHE photons at the source is strongly sup-
pressed above ∼10 TeV for a wide range of EBL models,
whereas a cosmic-ray-induced cascade displays a significantly
harder spectrum above this energy, and detection of >25 TeV
γ -rays from 1ES 0229+200 is only compatible if the γ -rays are
hadronic in origin. This is because UHE protons (and UHE nu-
clei) can inject high-energy pairs over the Bethe–Heitler energy-
loss length (λBH ∼ (A/Z2) Gpc at EA ∼ A1019 eV) that is
typically longer than the effective loss length of VHE/UHE

9 On the other hand, the emission of γ -rays and neutrinos produced inside the
source of primary UHE nuclei is limited by the nuclear survival condition, as
shown in Murase & Beacom (2010a, 2010b). Given that the observed
UHECRs are dominated by heavy nuclei, this limitation is also applied to
neutrinos produced outside the source, i.e., cosmogenic neutrinos (Murase &
Beacom 2010a).
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(Dermer et al. 09, Fang & KM 18)

(KM et al. 12 ApJ)

KM et al. 12 ApJ
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Figure 1. The 95% CL upper limits of the UHECR proton luminosity LisoUHECR,MS = E
2dN/dE at 1019 eV as a function of the exposure of a UHECR experiment

with uniform aperture. The cases of sources located at five representative redshifts and for two spectral indices (s = 2.0 [solid lines] and s = 2.6 [dotted lines]) are
shown. The assumed strengths of the LEGMF are BLEG = 0 nG (upper left), 1 nG (upper right), 10 nG (lower left), and 100 nG (lower right). The cutoff energy
of injected UHECR spectra is Ec = 1020 eV. The exposure reported in 2013 for the PAO is ∼ 3.2× 104 km2 sr yr (The Pierre Auger Collaboration et al. 2013).

general upper limits are mentioned. First, EGMFs surround-
ing sources can increase the constrained LisoUHECR,MS compared
to LisoUHECR. Although the upper limits of LisoUHECR,MS remain
unchanged for the isotropic sources of UHECRs, upper lim-
its on the intrinsic isotropic-equivalent CR luminosity may be
10 – 100 times larger than those of LisoUHECR,MS, depending on
the opening angle of jets and the configuration of the mag-
netic structure if CRs originate from beaming sources such
as blazars (Murase et al. 2012). Higher CR luminosities are
more challenging for the UHECR-induced cascade model to
work.

3.2. Implications
The simple scaling of the CR luminosity constraints can

rule out the existence of typical persistent UHECR sources in
the very local universe. The observed isotropy is consistent
with the existence of UHECR sources with average CR lumi-
nosity LaveUHECR within the distance where the CR luminosity
upper limit LisoUHECR,MS is larger than the average CR luminos-
ity. This implies that the characteristic CR source distance

d ! 24
(

ns
10−4 Mpc−3

)−1/2
(

Liso,ulUHECR,MS(z = 0.01)
1041 erg s−1

)−1/2

Mpc, (9)

where the right-hand side is normalized by the source num-
ber density estimated from observations of UHECRs above
6× 1019 eV (Takami & Sato 2009). Here, E(1019 eV) = 1044
erg Mpc−3 yr−1 is applied and Liso,ulUHECR,MS(z = 0.01) is the CR
luminosity upper limit of a source located at z = 0.01 at 1019
eV, which is used for interpolation to lower shift.
The upper limits of CR luminosity allow us to estimate the

source number density of UHECRs with energyEp≈ 1019 eV.
The mean separation of two UHECR sources in local universe
dmean ∼ (3/4πns)1/3 can be regarded as the typical distance of
the nearest UHECR source from the Milky Way. This should
be larger than the critical distance dcrit defined as the right-
hand side of equation (9), that is, dmean > dcrit, and therefore
the source number density is constrained to be

ns ! 3× 10−3
(

Liso,ulUHECR,MS(z = 0.01)
1041 erg s−1

)−3

Mpc−3. (10)

Figure 1 shows Liso,ulUHECR,MS(z = 0.01) ∼ 1041 erg s−1 is al-
ready achieved by the PAO for BLEG " 1 nG. Then, inter-
estingly, the numerical value in equation (10) is larger than
that of radio galaxies (Fanaroff-Riley I + II), ∼ 10−4 Mpc−3
(Padovani & Urry 1990; van Velzen et al. 2012). This numer-
ical value is also consistent with an early estimation of the

“Isotropy” Constraints

No small-scale anisotropy → ns>10-4-10-3 Mpc-3 at 1019 eV  
No powerful UHECR emitters -> support “isotropization”

Emax ~ Z 1019 eV

Takami, Murase & Dermer 16 ApJ



Possible Hardening in Weakly Variable Blazars?

Finke et al. 2010 ApJ  

Weakly Variable Class of TeV BL Lac Objects

Weak Fermi LAT fluxes

Compton-scattered CMBR 
from  extended jet/lobe 
produces weakly variable
TeV J rays

Böttcher, CD, Finke 2008

1ES 0229+200      z = 0.14
1ES 0347‐121       z = 0.186
1ES 1101‐232       z = 0.14
1ES 0548‐322       z = 0.069
RGB J0152+0.17  z = 0.08

Cerruti et al. 2013

1ES 0229+200
Tavecchio et al. 2011



Extreme VHE Blazars: Challenge?

Maxwellian distribution?

Lefa+ 2011

ptcool s/1 β=
ppDp

α−∝ 2

3/1=pα for Kolmogorov

In extreme cases, the acceleration &
cooling balance each other,
then we have very hard spectrum.

16 M. Cerruti et al.
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Figure A1. Same as Figure 2, for 1ES 0229+200, using data from Aliu et al. (2014). The values of the magnetic field and the emitting region size are
(B[G],R[cm]) = (1, 6.8 ⇥ 1017), (13, 2.6 ⇥ 1016), (160, 1 ⇥ 1015), for the proton-synchrotron scenario, and (B[G],R[cm]) = (0.2, 3.2 ⇥ 1016), (0.3, 5.6 ⇥
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Fig. 2. Solid lines: the energy flux of secondary leptons produced by
p� interactions in a 3 Mpc magnetised region around a source at red-
shift z = 0.14 that emits UHECRs with Lcr,iso = 1047 erg s�1. The
volume-averaged magnetic field strength in the magnetised region is
B̄ = 31.6 nG (purple), 316 nG (green). The noise in the pion bump is due
to the finite number of particles injected in our simulations. Dot-dashed
lines: the energy flux of secondary leptons produced by p� interactions
beyond the first 3 Mpc of propagation.

blazar jet we (arbitrarily) consider ✓jet = 0.192 ' 11�, but the
results presented here are not sensitive to this choice.

For the EBL energy density and redshift evolution, we con-
sider a range of models that are consistent with current observa-
tions (Kneiske et al. 2004; Kneiske & Dole 2008; Franceschini
et al. 2008; Inoue et al. 2013) and for the CMB a black body
spectrum of temperature 2.7 K. For the extragalactic radio back-
ground the model of Protheroe & Biermann (1996) and mea-
surements of Clark et al. (1970) as implemented by CRPropa
are used. Uncertainties on the spectrum and redshift evolution of
the EBL and to a lesser extent of the radio background, intro-
duce an uncertainty into our results but as we show in the next
section, our results are robust to the choice of EBL model for
the representative range of models that we have considered in
this work.

3. Robustness of synchrotron signal

with application to specific sources

The blazars studied in this work have gamma-ray peaks between
⇠10 GeV�10 TeV; however, irrespective of their intrinsic spec-
tra, a cut-o↵ is observed in the TeV that strongly depends on the
redshift of the source and details of the EBL spectrum and red-
shift evolution. The optical depth of the EBL to 1 TeV gamma
rays is thought to be O(1) at z ⇠ 0.1 hence for all the sources
studied in this work a strong suppression of the intrinsic source
flux above this energy is expected.

In the secondary synchrotron model the main contribution
to the secondary energy flux within the magnetised region will
be from photomeson production due to the significantly shorter
cooling length compared to that of Bethe-Heitler pair produc-
tion. Figure 2 presents the secondary leptons (photons and
electron-positron pairs) produced inside and outside the mag-
netised region for a source at redshift z = 0.14 that emits
UHECRs with Lcr,iso =

R
1018eV dE(dLcr,iso/dE) = 1047 erg s�1.

Here and throughout the injected luminosity quoted is above
1018 eV and the injection spectral index, ↵ = 2.0, unless oth-
erwise stated. Protons with energy lower than ⇠1018 eV should
be present in the jet and will contribute to the total jet power but
not the observed gamma-ray flux because they are most likely
confined in the jet. Considering the contribution of protons with
Emin >⇠ �mpc2 to the total jet power, where � ' 10 is the typical
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Fig. 3. The fit of the UHECR secondary synchrotron model to the
spectrum of 1ES 0229+200, assuming a mean strength of the mag-
netic field in the magnetised region, B̄ in the range 6�316 nG. Here
Lcr,iso = 1046.5erg s�1 has been assumed. Fermi/LAT data points for this
source here and throughout have been adapted from Vovk et al. (2012).
The model spectra shown account for the attenuation by the EBL, for
which the model of Kneiske & Dole (2008) has been considered.

Lorentz factor of the bulk motion and mp the proton mass, in-
creases the Lcr,iso required to produce the same secondary lepton
flux by ln(Emax/Emin)/ln(Emax/1018 eV), which is a factor of a
few. We observe in Fig. 2 that for our chosen injection spectrum
the peak of the energy spectrum of the first generation of elec-
trons from photomeson production is at Ee ⇠ 1019 eV as a result
of the competition between the abundance of primary protons
with increasing energy and the energy loss rate of the primary
protons. The characteristic energy of the synchrotron emission
of these electrons will be at Esyn ⇠ 6.7 ⇥ 1011 (B/100 nG) eV,
which for the typical magnetic fields expected in the large scale
structures we study, is near the peak of the blazar spectra. The
synchrotron emission that is emitted with energy beyond a few
TeV will be absorbed by the EBL. The dot-dashed component in
Fig. 2, which is produced beyond the first 3 Mpc from the source,
could also contribute to the cascaded emission, since its level is
higher than the flux produced closer to the source. As already
mentioned this low energy component is likely to be diluted by
IGMFs and not contribute to the GeV flux of the source if inter-
vening IGMFs are non-negligible. In this sense the results shown
here correspond to the limit where IGMFs are strong enough to
isotropise this low energy cascade component.

3.1. 1ES 0229+200

Figure 3 shows the model prediction of the secondary syn-
chrotron signal to the observed spectrum of 1ES 0229+200 for B̄
in the range 6�316 nG. The assumed isotropic equivalent lumi-
nosity is Lcr,iso = 1047 erg s�1. For this source, whose spectrum
peaks at >⇠10 TeV, B̄ = 316 nG is consistent with the combined
GeV–TeV data, whereas considering values of B̄ <⇠ 100 nG re-
sults in a poorer fit.

In Fig. 4 we show the robustness of the model fit to the un-
certainty in the intensity and redshift evolution of the EBL, by
considering a range of EBL models that are consistent with ex-
isting limits and measurements. The goodness of the model fit to
the spectrum of 1ES 0229+200 depends on the EBL that is as-
sumed, and the best fit is obtained with the lower limit model of
Kneiske & Dole (2008). All the models we considered slightly
under-predict the energy flux at the highest TeV datapoint but
for the fit with the EBL model of Kneiske & Dole (2008), this
disagreement is very small. Considering a slightly higher value
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Alternative explanation for gamma rays from blazars: 
neutrino and hadronic gamma-ray production outside sources 
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Figure 1. SEDs calculated for gamma-ray-induced (red) and UHECR-induced
(blue) cascade scenarios for KUV 00311−1938 (z = 0.61) using low IR (thick)
and best fit (thin) EBL models deduced by Kneiske et al. (2004) with the analyzed
LAT data (green) with a H.E.S.S. preliminary spectrum (magenta; Becherini
et al. 2012). We take s = 1.76. The isotropic equivalent energy of input gamma
rays for the gamma-ray-induced cascade Liso

γ and of UHECR source protons for
a UHECR-induced cascade Liso

p are 3.5×1046 erg s−1 and 1.1×1047 erg s−1, re-
spectively. The differential sensitivity curve for a 50 hr observation with H.E.S.S.
I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/; dashed line),
and the 50 hr sensitivity goal of the Cherenkov Telescope Array (CTA; Actis
et al. 2011; dotted line) are also plotted. The flux lower than the sensitivity
curve can be achieved under a relaxed criterion of wider energy-bins and lower
significance required to estimate flux in each bin.
(A color version of this figure is available in the online journal.)

reproduced by both gamma-ray- and UHECR-induced cascade
scenarios between 10 and 100 GeV. The UHECR-induced cas-
cade predicts larger flux above 200 GeV and harder spectrum
than the gamma-ray-induced scenario above ∼1 TeV. Prelimi-
nary H.E.S.S. data support the hadronic interpretation. Note that
the redshift of this object is uncertain (see Section 5).

We confirmed that the SEDs of the other more distant sources
in the list, excepting sources with steep spectra, namely PKS
0426−380 and PKS 2142−75, are reproduced by both gamma-
ray-induced and UHECR-induced cascade scenarios for the
quoted redshifts. More distant sources allow the possibility
to distinguish the two scenarios clearly by the difference in
predicted spectral fluxes above ∼1 TeV. Due to their large
distances, a sharper cutoff of the gamma-ray-induced spectra
compared to the UHECR-induced spectra is predicted at the
characteristic EBL absorption energy Ec (Murase et al. 2012b),
and a plateau of emission extending to >10 TeV is predicted in
the hadronic scenario.

In general, differential sensitivity is defined more conserva-
tively than integral sensitivity for IACTs. Conventionally, the
differential sensitivity requires a 5σ signal for a 50 hr obser-
vation in each of four equal-width logarithmic bins per decade,
whereas the integral sensitivity is defined as a 5σ excess of
gamma rays above a given threshold energy for a 50 hr obser-
vation (e.g., Aleksić et al. 2012). Thus, integral flux is more
sensitive to the scenario distinction.

Figure 2 shows the integral flux corresponding to the pre-
dictions in Figure 1. Here, we can obviously recognize that
the UHECR-induced scenario can be distinguished from the
gamma-ray-induced scenario by the Cherenkov Telescope Ar-
ray (CTA). This source is detectable at the 5σ level up to ∼3 TeV
for the low-IR model and ∼1 TeV for the best-fit model in the
UHECR-induced scenario, while it should only be detected up
to ∼500 GeV in the gamma-ray-induced scenario. Detection of
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Figure 2. Integral flux corresponding to the SEDs in Figure 1 (KUV
00311−1938) with the H.E.S.S. I integral sensitivity (presented by Y. Becherini
in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/) and the integral
sensitivity goal of CTA for a 50 hr observation (Actis et al. 2011). The inset
shows a >10 GeV light curve with 16 equal time bins, each lasting 90.3 days.
The light curve is consistent with a constant flux hypothesis with χ2
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which is calculated only from finite flux points.
(A color version of this figure is available in the online journal.)
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Figure 3. Same as Figure 2, but for PG 1246+586 (z = 0.847). Liso
γ =

7.5×1046 erg s−1 and Liso
p = 2.0×1047 erg s−1. We take s = 1.94. The inset is

a light curve similar to Figure 2, with χ2
r = 0.40 for a constant flux hypothesis.

(A color version of this figure is available in the online journal.)

this source above 1 TeV would be very strong evidence for a
hadronic origin of the radiation.

We demonstrate this behavior for a more distant source, PG
1246+586, in Figure 3. Despite its distance, this source can
be detected by CTA below ∼200 GeV for both scenarios. It
is possible to distinguish between the two scenarios because
the difference in detecting photons for the two scenarios would
be larger than the range of uncertainties implied by the EBL
models used, even with the flux of the characteristic hadronic
plateau at high energies being below the CTA sensitivity. Thus,
even gamma-ray sources with z ∼ 0.85 can be utilized to
disentangle the two scenarios. Other sources detectable with
50 hr observations with CTA in the source list are Ton 116,
B3 1307+433, 4C +55.17, and PKS 1958−179. Note that
the sensitivity of CTA North may be somewhat worse above
∼10 TeV because no small-size telescopes are projected to be a
part of the array.

3

Smoking Gun: High-Energy Tail of Distant Blazars

Takami, KM & Dermer 13 ApJL
see also KM, Dermer, Takami & Migliori 12 ApJ, Aharonian+ 13 PRD

Primary UHECR-induced:

Primary g-induced:
dIg ~ -(1/lgg) Ig dr
→ ∝ exp(-tgg)TeV

dIg ~ -(1/lgg) Ig dr + (1/lBH) ICR dr
→ ∝ (1-exp(-tgg))/tgg

Key tests: 
- go to higher energies and/or higher redshifts (→ CTA)
- weak variability

KUV 00311−1938 
(z =0.61) 
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γ -ray-induced fluxes. Indeed, one sees that the relative impor-
tance of the proton-induced γ -ray flux to the γ -ray-induced
flux increases with distance (compare Figure 7 with Figures 1
and 3). Importantly for distant sources, the proton-induced cas-
cade spectrum is much harder than the γ -ray-induced spectrum,
especially above TeV energies. Future VHE observations by
CTA and HAWC are important to identify the origin of UHE-
CRs through detection of high-energy γ -rays, as we demonstrate
for 1ES 0229+200 in the next subsection.

In this work, we are interested in cases where IC cascade
emission in voids is important in the VHE range, since it can
explain hard VHE spectra of extreme TeV blazars as suggested
by Essey et al. (2010). When pairs are mainly supplied via
the Bethe–Heitler process, the timescale of secondary photons
produced by a proton beam roughly becomes

∆t IGV ≃ 14 yr E−2
γ ,11B

2
IGV,−17(λBH/Gpc)(1 + z)−1, (12)

which is more relevant than ∆T CR when the void IGMF is
so strong that ∆T CR < ∆t IGV is satisfied. Here, λBH is the
Bethe–Heitler energy-loss length. One should also keep in mind
that the proton-induced GeV–TeV synchrotron emission from
the structured region itself, where the EGMFs are stronger,
should also be expected (see Gabici & Aharonian 2005; Kotera
et al. 2009, 2011 and references therein). For a weak IGMF that
is of interest in this work, its relative importance is somewhat
smaller when the volume filling fraction of the magnetized
region is taken into account.

We have demonstrated the likely importance of the struc-
tured EGMFs for proton-induced intergalactic cascade emis-
sion. They are also important for UHE nuclei. Since
nuclei with energy ZEp have the same deflection angle as
protons with energy Ep, our results indicate that Fe nuclei
should be significantly isotropized for all observed UHECR
energies. For UHE nuclei, the photodisintegration energy-loss
length is ∼100 Mpc, for which the energy fraction carried by
γ -rays and neutrinos is small as long as Emax

A is not too high.
On the other hand, UHE nuclei supply high-energy pairs via
the Bethe–Heitler process, whose effective cross section is
κBH,AσBH,A ∼ κBH,pσBH,p(Z2/A), which induces cascades in
the same manner as UHE protons. Therefore, the intergalactic
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(A color version of this figure is available in the online journal.)

cascade signal, which is generated outside the source, is also
important for sources of primary UHE nuclei.9

3.3. Implications for TeV–PeV Observations

In a wide range of EBL models, deabsorption of measured
TeV blazar spectra leads to hard excesses at >TeV energies
in, e.g., 1ES 1101−232, 1ES 0229+200, and 1ES 0347−121
(see, e.g., Figure 8 in Finke et al. 2010). These unusual TeV
spectral emission components are conventionally explained by
(either leptonic or hadronic) emissions at the source, but they
could also be explained by intergalactic cascade emissions. Non-
simultaneous TeV excesses are also seen above the extrapolation
of the GeV flux in NGC 1275 (Abdo et al. 2009b) and the core
of Cen A (Abdo et al. 2010d), but because of their proximity,
these excesses are unlikely to be UHECR-induced emissions
made in intergalactic space.

Figure 8 demonstrates that 1ES 0229+200 can be fit by both
the γ -ray-induced cascade and proton-induced cascade emis-
sions. Because of the uncertainty in EBL models, it is not easy
to distinguish between the two possibilities at ∼0.1–1 TeV
energies. At higher energies, however, our calculations show
that UHECR-induced cascade emission becomes harder than
γ -ray-induced cascade emission resulting from attenuation of
hard γ -ray source photons for a given EBL model. More im-
portantly, the emission spectrum measured as a result of the
injection of VHE/UHE photons at the source is strongly sup-
pressed above ∼10 TeV for a wide range of EBL models,
whereas a cosmic-ray-induced cascade displays a significantly
harder spectrum above this energy, and detection of >25 TeV
γ -rays from 1ES 0229+200 is only compatible if the γ -rays are
hadronic in origin. This is because UHE protons (and UHE nu-
clei) can inject high-energy pairs over the Bethe–Heitler energy-
loss length (λBH ∼ (A/Z2) Gpc at EA ∼ A1019 eV) that is
typically longer than the effective loss length of VHE/UHE

9 On the other hand, the emission of γ -rays and neutrinos produced inside the
source of primary UHE nuclei is limited by the nuclear survival condition, as
shown in Murase & Beacom (2010a, 2010b). Given that the observed
UHECRs are dominated by heavy nuclei, this limitation is also applied to
neutrinos produced outside the source, i.e., cosmogenic neutrinos (Murase &
Beacom 2010a).
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Can UHECR be the Main Origin of Isotropic Diffuse Gamma-Ray Background

Cosmogenic g can contribute to diffuse g-ray background
Steeper than spectra of preliminary Fermi data 
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Variable Hadronic Cascade Emission: UHE Neutral Beams 

Magnetized region
e.g., filaments/clusters

size ~ Mpc
B ~ nG-µG 

UHEn/g e
e UHEg

TeVg

galaxy scale (~kpc) ⇔ ~day
dust torus scale (~pc) ⇔ ~minute w. additional fields

~monthCMB/CRB/EBL

KM 2012 ApJL 745 L16



Application to BlazarsF. Tavecchio et al.: On the origin of gamma-ray emission of PKS 1222+216

good approximation for the BLR radiation field as seen in the
comoving frame is a black body peaked at ν′BLR ≈ 3× 10

15Γ Hz.
Since the UVOT data–points probably trace the direct disk

emission we fix Ld by reproducing the UVOT fluxes with a
black body. Assuming that the peak is in correspondence with
the UVOT filter at the highest frequency (UVW2), a lower limit
for the disk luminosity is Ld = 5 × 1046 erg s−1 (Fig. 3, black
short dashed line). This luminosity is exactly ten times larger
than that estimated by Tanaka et al. (2011) by using the BLR
total luminosity (and assuming ξBLR ∼ 0.1), in turn estimated by
the luminosity of the Hβ line in the SDSS spectrum (Fan et al.
2006). Considering the difference between the flux at the epoch
of the SDSS (Jan 2008) and UVOT measures discussed in §2
the discrepancy is reduced by a factor of ≈ 2. A difference by
a factor of 5 between the two estimates could be explained by
assuming ξBLR ∼ 0.02. Setting Ld = 5 × 1046 erg s−1, we have
RBLR = 7 × 1017 cm.

Outside the BLR a dusty torus intercepts and re-emits part
of the central disk emission. The radiation field of the torus is
modeled as a black body with temperature TIR = 1.2 × 103 K
with total luminosity LIR = 1046 erg s−1 (black long dashed line
on Fig. 3) filling a volume that, for simplicity, is approximated
as a spherical shell with radius RIR = 7 × 1018 cm.

In all the cases we model the compact emission region as a
sphere with radius Rb (the subscript “b” marks all the physical
quantities related to the blob), moving with bulk Lorentz factor
Γb, filled with uniform and tangled magnetic field Bb. We assume
that relativistic electrons follow a smoothed broken power law
energy distribution with normalization K and slope n1 and n2
below and above the break at the energy γpmec2.

We assume a conical jet propagating from the BH vicinity,
with semi–aperture angle φ = 0.1 rad. A spherical region at
distance d and radius R = φ d moving along the jet with bulk
Lorentz factor Γ, carries tangled magnetic field (with uniform
intensity B) and relativistic electrons with a distribution of the
same functional form as in the case of the blob.

In case (A) we consider only the emission from the compact
blob. In case (B) and (C) we consider the emission from both
regions.

Both regions will emit synchrotron and IC radiation. For the
blob and the jet components we consider as seed photons for the
IC scattering the locally-produced synchrotron photons (SSC),
the thermal emission from the dusty torus (EC/IR) and, in case
(B), the synchrotron photons produced in the other region of the
jet (we will call them the EC/J and EC/b component). In case
(C) for the large region we consider also the photons reprocessed
from the BLR (EC/BLR). The calculations have been performed
adapting the code described in detail in Maraschi & Tavecchio
(2003).

Since by construction the contribution of the large region is
always negligible above 20-30 GeV, for simplicity we neglect
absorption for this component when considering the region in-
side the BLR. For the blob we expect a very weak absorption
due to the IR radiation field of the torus, starting to be important
at energies higher than a few TeV. We also neglect this effect in
the spectra shown in Figs. 3 and 4.

3.3. Results

We first consider (case A) the possibility that the very compact
blob emitting TeV photons is responsible for the entire SED,
from IR up to TeV energies (see Fig. 3). As a consequence of
the large compactness implied by the short variability timescale,
the system naturally produces a powerful SSC component peak-

Fig. 2. Sketch of the geometrical arrangement assumed in the
model (not to scale). We consider a spherical BLR with radius
RBLR and a dusty torus at RIR. In all the cases we consider the
emission from a small compact “blob” of radius Rb moving with
Lorentz factor Γb. While in case A we suppose that the blob is
responsible for the entire SED, in case B and C we also consider
the emission from a “standard” spherical emission with radius
R equal to the cross sectional size of a conical jet with semi–
aperture angle φ, moving with bulk Lorentz factor Γ located out-
side (B) or inside (C) the BLR. Each region is characterized by
different values of the physical parameters, such as the magnetic
field, electron density and energies. See text for more details.

ing in the X-ray band. As detailed in the Appendix A, the short
variability timescale and the condition that the SSC compo-
nent lies below the observed X-ray spectrum constrains the ratio
Bb/δ5b ∼ 10

−9 G. Therefore either we adopt a “standard” value
of the magnetic field (Bb = 0.1 − 1 G) using extremely large
Doppler factors, δb > 50 or, conversely, we fix δb to smaller
values δb ∼ 10 with extremely low magnetic fields, Bb ∼ 10−4

4

FSRQ 4C+21.35 (z=0.432)

>30 GeV g rays (made inside BLR)   

are damped (e-30~10-13)

but fast variability w. ~10 min

“a very compact emission region

outside BLR”

R’~1015 (G/100) cm << 1017 cm

Alternative explanations:

- Minute-scale echo produced by

UHE neutral beams

- Axion-like particles

Tavecchio+ 11

Dermer, KM & Takami 12

(Dermer, KM & Takami 12)

(Tavecchio+ 12)

(Tanaka+ 11, MAGIC Coll. +11)


