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Motivation: Cosmic Rays – A Century Old Puzzle

Open problems
- How is the spectrum formed? 
(ex. transition to extragalactic)

- How are CRs accelerated? 
(ex. Fermi mechanism: sCR~2)

- How do CRs propagate? 
(diffusion, rectilinear, or?)
…

“What is the origin?”
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UHECR Source Candidates: Cosmic Monsters
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High-Energy Cosmic Particle Backgrounds

gamma neutrino UHECR

non-blazar
EGB

En~ 0.04 Ep: a few EeV n⇔ ~100 EeV CR nucleon (UHECR)  



Cosmogenic (Berezinsky-Zatsepin) Neutrinos
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• Need to reach ~10-10 GeV/cm2/s/sr to cover pessimistic models
• UHE n non-observations can constraining the proton fraction

Nucleus-survival limit for s=2.0
(Murase & Beacom 10)

Waxman-Bahcall limit for s=2.0
(Waxman & Bahcall 98)

pessimistic models
incl. best-fit rigidity cutoff models for 
Auger composition & negative evolution

mixed composition model predictions

Depends on: 
spectrum, redshift evolution,
Emax, & composition 



Let us Discuss PeV n and then Go beyond PeV

gamma neutrino UHECR

non-blazar
EGB

detected

En~ 0.04 Ep: a few EeV n⇔ ~100 EeV CR nucleon (UHECR)  
a few PeV n⇔ ~100 PeV CR nucleon (2nd knee)

Gyahhhhhh



Astrophysical Extragalactic Scenarios

p+γ→ Nπ + X

Active galactic nuclei g-ray burst

En

E2 F 

n
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p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

En

E2 F 

n
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CR

CR

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

obs. photon spectra
& source size

gas density & 
source size

sn~sCRsn≠sCR

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 

F∝E-s



Hunting Neutrino Sources

0 source yet

from Higgs-tan

!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

(maybe fishy source?) 



What Can We Learn from Fuzzy Neutrino Sky?

1. Non-detection of n event clustering (absence of n “multiplet” sources)
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2. IceCube flux (En
2Fn ~ 3x10-8 GeV cm-2 s-1 sr-1) tells us the n energy generation rate

“lower” limits

Rare steady sources such as blazars are now disfavored

“upper” limits

dlim: detectable distance for a source with L
bm,L: depends on analysis details

(powerful for placing “upper limits”)

# auto-corr. E4CP<4x10-19 GeV cm-2 s-2 s-1 -> similar limits within 1 order of magnitude
# limits are weaker for positive redshift evolution of the sources 

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
(for no redshift evolution

even stronger for negative evolution)

(for no redshift evolution)



multiplets and Nb ≲ 1 (that is satisfied for the assumed
threshold and exposure), we obtain bm;L ≃ 6.6qL. Note that
Eq. (1) gives a stronger limit than from Eq. (2), as seen from
bm > 1. This is because there is a non-negligible contri-
bution of distant neutrino sources (from z > zlim) to doublet
sources, due to Pm≥2ðλÞ. On the other hand, as naturally
expected, higher-multiplet sources are more largely con-
tributed by nearby neutrino sources. Indeed, for triplets or
higher multiplets, we obtain bm ≃ 1.6.
Using Eqs. (3) and (4), the condition Nm≥2 < 1 gives

neff0
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1042 ergs−1

"3=2

F−3=2
lim;−9≲1.9×10−7Mpc−3q−1L

!
2π
ΔΩ

"
:

ð5Þ

Note that this gives an upper limit on neff0 , which depends
on the luminosity (consistent with the results of
Refs. [56,57,71], in contrast with the result of
Ref. [59]). The upper limit is insensitive to the redshift
evolution at sufficiently low luminosities and is valid
regardless of whether or not the sources dominate
IceCube’s neutrino flux.
The diffuse neutrino intensity observed by IceCube

determines the neutrino luminosity density of the
Universe, neff0 ðEνLeff

Eνμ
Þ. The coincidence of the observed

intensity with the WB flux enables one to determine the
neutrino luminosity density by using Eqs. (1), (2), and (5)
of Ref. [7], from which we find

neff0
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1042 erg s−1

"
≃ 1.6 × 10−7 Mpc−3ð3=ξzÞ

×
! E2

νΦνμ

10−8 GeVcm−2 s−1 sr−1

"
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where ξz is a dimensionless parameter that depends on the
redshift evolution of the sources: ξz ≈ 3 for m ¼ 3 and ξz ≈
0.6 form ¼ 0 [7] (ξz ≈ 2.8 for SFR evolution [72], ξz ≈ 8.4
for FSRQ evolution, and ξz ≈ 0.68 for BL Lac evolution
[73]). Combining Eqs. (5) and (6), we find
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Note that Eq. (8) gives a lower limit, which can be placed
because we require that the considered standard candle
sources produce the neutrino flux detected by IceCube.
Remarkably, the constraints are quite sensitive to the
redshift evolution and are more stringent for weaker

evolution. This is simply because ξz in Eq. (6) comes
via the cubic term in Eq. (3). The background becomes
more important at lower energies, longer exposure time, or
poorer angular resolution. If the false number of multiplet
sources isNb ∼ 2–3, the lower limit is relaxed by a factor of
4–9. Instead, if Eq. (2) is used or m ≥ 3 multiplets are
considered more conservatively, the lower limit changes by
a factor of ∼10. Also, its precise value might be affected by
details of the muon neutrino data because of its dependence
on Flim (that slightly varies with the zenith angle).
However, in either case, our discussion on implications
and prospects is unaltered.
In Fig. 3, we show the limits obtained using numerical

calculations. In order to estimate the sensitivity, we evaluate
the number of through-going muons for both the signal and
the background, taking into account the zenith and energy
dependence of the effective area of IceCube and the
absorption of neutrinos within Earth (see the Appendix
for details). Then, we calculate the probability to find at
least one medium- or high-energy multiplet and place upper
limits on neff0 for different redshift evolution models. The
limits obtained numerically are consistent with those
obtained analytically above. For SFR evolution, we find
neff0 ≳ 10−7 Mpc−3 and EνLeff

Eνμ
≲ 1042 erg s−1, consistent

with the analytical estimates given by Eqs. (8) and (7).
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FIG. 3. IceCube’s detection determines the local (z ¼ 0)
neutrino emissivity of the Universe, neff0 EνLeff

Eνμ
, up to uncertainty

related to the unknown redshift evolution of the sources [see
Eq. (6)]. The solid “IceCube lines” show the value of neff0 EνLeff

Eνμ

implied by observations for no evolution [ns ∝ ð1þ zÞ0, top
thin], SFR evolution [72] [similar to ns ∝ ð1þ zÞ3 and AGN
evolution [74], middle thick], and rapid FSRQ evolution (bottom
thin). Nondetection of point sources excludes the shaded regions
lying to the right of the dashed and dash-dotted lines [see Eq. (5)],
corresponding to the sensitivity obtained for a six-year observa-
tion period with IceCube (dashed lines) and a ten-year observa-
tion period with IceCube-Gen2 (dot-dashed lines). Thick dashed
and dash-dotted lines are for SFR evolution, whereas thin dashed
and dash-dotted lines are for no evolution (upper curves) and
FSRQ evolution (lower curves). The flat spectrum template
shown in Fig. 1 is used. Colored stars represent the density
and luminosity of various classes of candidate sources.

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

103006-5

Constraints from Non-Detection of Steady Sources 

KM & Waxman 16 (see also KM et al. 12)

ruled out

Non-detection of “multiplet” neutrino sources give limits on the number density
Source-identification is possible with Gen2 for known astrophysical candidates



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

Fate of High-Energy Gamma Rays
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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 ???,
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∂x
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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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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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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

!

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

"

fpγ(εp)

0.01

#

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

$ εν
25 TeV

%

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

(cutoff due to the p production threshold)
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text for
details). Right Panel: Same as the left panel, but now showing diffuse neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
(ενQεν )

!

!

εν=εγ/2
, (3)

where γ-ray and neutrino energies are related as εγ ≈
2εν . However, the generated γ rays from the sources may
not be directly observable. Firstly, γ rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy γ rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct γ-ray escape. To see their
importance, we temporarily assume that the sources are
γ-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

"

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′− s, is expected from the the energy de-
pendence of the diffusion tensor [28]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [29] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that

explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [30].

Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. As indicated in Eq. (3),
the results are not much sensitive to redshift evolution
models. In the left panel of Fig. 1 we show the resulting
all-flavor neutrino and γ-ray fluxes as thick blue and thin
red lines, respectively, in comparison to the Fermi IGRB
and IceCube neutrino data [5]. To explain the ! 100 TeV
neutrino data, the contribution to the IGRB should be
at the level of 100% in the 3 GeV to 1 TeV range and
softer fluxes with s " 2.0 clearly overshoot the data. As
pointed out by Ref. [12], this argument is conservative:
the total extragalactic γ-ray background is dominated by
radio-loud AGN whose jets point at us, i.e., blazars (e.g.,
Refs. [31, 32]), and their main emission is typically vari-
able and unlikely to be of pp origin [33, 34]. Most of
the high-energy IGRB could even be accounted for by
unresolved blazars [35–37]. Although the IGRB should
be decomposed with caution, if this blazar interpretation
is correct, there will be little room for CR reservoirs. A
recent study on the cross correlation between γ rays and
galaxies also supports our argument [38].

In pγ scenarios, neutrino and γ-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
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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-
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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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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
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may also be accelerated, and they should interact with both
internal and external radiation fields during the dynamical
time. Internal nonthermal emission produced in the jet is
referred to as the jet component. We consider the jet
component first.
When the spectrum of internal synchrotron photons is

approximated by a power-law, the photomeson production
efficiency is estimated using the rectangular approximation
to the photohadronic cross section to be

fpγðE0
pÞ ≈

tdyn
tpγ

≃ 2κΔσΔ
1þ β

Δε̄Δ
ε̄Δ

3Ls
rad

4πrbΓ2cE0
s

!
E0
p

E0b
p

"
β−1

;

ð19Þ

where σΔ ∼ 5 × 10−28 cm2, κΔ ∼ 0.2, ε̄Δ ∼ 0.34 GeV,
Δε̄Δ ∼ 0.2 GeV, and E0b

p ≈ 0.5Γ2mpc2ε̄Δ=E0
s. For example,

using parameters of BL Lac objects with Ls
rad ∼ 1045 erg=s

and E0
s ∼ 10 eV, we have

fpγðE0
pÞ ∼ 7.8 × 10−4Ls

rad;45Γ−4
1 δt0−15 ðE0

s=10 eVÞ−1

×
# ðE0

ν=E0b
νÞβh−1 ðE0

p ≦ E0b
pÞ

ðE0
ν=E0b

νÞβl−1 ðE0b
p < E0

pÞ;
ð20Þ

where βl ∼ 1.5 and βh ∼ 2.5 are the low-energy and high-
energy photon indices, respectively. Note that contribu-
tions from various resonances and multipion production
become crucial for hard photon indices of β ≲ 1. The
neutrino energy corresponding to E0b

p is

E0b
ν ≈ 0.05E0b

p ≃ 80 PeV Γ2
1ðE0

s=10 eVÞ−1; ð21Þ

which is typically higher than 1 PeV and the Glashow
resonance energy at 6.3 PeV (for electron antineutrinos),
except for HSP BL Lac objects with E0

s ∼ 1 keV. Noting
that E0

s is lower for more luminous blazars, we conclude
that the jet component typically leads to production of very
high-energy, ≫ 1 PeV, neutrinos.
For fpγ < 1 (which is typically valid for PeV neutrino

production in the blazar zone), the neutrino spectrum is
approximated by

E0
νLE0

ν
≈
3

8
fpγE0

pLE0
p

∝

(
fpγðE0b

pÞðE0
ν=E0b

νÞ1þβh−s ðE0
ν ≦ E0b

νÞ
fpγðE0b

pÞðE0
ν=E0b

νÞ1þβl−s ðE0b
ν < E0

νÞ:
ð22Þ

This expression roughly agrees with numerical results on
the jet component, as clearly seen in Figs. 9 and 10 for
L5GHz ¼ 1041 erg s−1 and L5GHz ¼ 1042 erg s−1. We also
plot, with dotted curves, the differential neutrino luminos-
ities for the jet component based on blazar parameters given
in Table I.

For low-luminosity BL Lac objects, which typically have
high synchrotron peak frequencies [42], only the jet
component is relevant. For intermediate luminosity BL
Lac objects and QHBs, however, external radiation fields
become important for PeV–EeV neutrino production. As
we have seen, even in the blazar zone, the most important
contribution to PeV neutrino emission comes from photo-
hadronic interactions with BLR photons. Using the effec-
tive cross section σeffpγ ≈ κΔσΔðΔε̄Δ=ε̄ΔÞ, the photomeson
production efficiency in the blob is estimated to be

fpγ ≈ n̂BLσeffpγ rb ≃ 2.9 × 10−2fcov;−1Γ2
1δt

0
5; ð23Þ

provided rb < rBLR. Here n̂BL ≃ 1.6 × 109 cm−3fcov;−1 is
the number of broadline photons in the black-hole rest

FIG. 9 (color online). Differential luminosity spectra of neu-
trinos produced in the blazar zone (dotted) and in the BLR and
dust torus (solid). The muon neutrino spectrum is calculated for
s ¼ 2.3 and ξcr ¼ 100, with neutrino mixing taken into account.
From top to bottom, the curves refer to blazar sequence
parameters given in Table I (see also Fig. 2), with the top curve
corresponding to L5GHz ¼ 1047 erg s−1. Only five curves are
shown for the BLR/dust torus because blazars with the lowest
luminosities lack interactions with BLR and dust emission.

FIG. 10 (color online). Same as Fig. 9, except with s ¼ 2.0 and
ξcr ¼ 10.
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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
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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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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

Blazar (radio galaxy) = BL Lacs (FR-I) + FSRQs (FR-II)
• FSRQs: efficient n production, dominant in the neutrino sky
• BL Lacs: inefficient n production, dominant in the UHECR sky as FR-I

- Unique n spectrum: PeV n by BLR photons & EeV n by dust IR photons
- Only bright FSRQs are dominant -> promising source identification
- Consistent w. IceCube (1-10% at PeV), UHECRs are isotropized at kpc-Mpc

Lcr/Lg=50

Lcr/Lg=3
(UHECR normalization: fiducial)

s=2.0



0.1-1 EeV Neutrino Transient Sources?

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

AGN jet/blazar flares

Remember: UHECR accelerators are cosmic monsters
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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
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UHECR acceleration may be transients! 

PeV-EeV n PeV-EeV n

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

Tidal disruption events

long GRBs magnetars short GRBs
NS mergers

EeV n
GW source

TeV-EeV n
GW source

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

GW source
(ex. Waxman & Bahcall 97, 01
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(ex KM, Meszaros & Zhang 09
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GRB Neutrino Afterglows

AG protons + AG opt-x rays 
stellar wind medium

(normalized by UHECR budget)

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

KM & Nagataki 06 PRL, KM 07 PRD

AG protons + AG opt-x rays 
interstellar medium

(normalized by UHECR budget)

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

• Not constrained by IceCube limits on prompt: UHE n detectors are necessary 
• Fluence at z=0.1: ~0.1-1 GeV/cm2, GRB rate within z=0.1 is ~0.1-0.3/yr
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HE Neutrino Transients from Fast-Spinning Magnetars?

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

KM, Meszaros & Zhang 09 PRD

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

fluence at 5 Mpc
~ 1 GeV/cm2

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

NS

envelope

shock

wind
bubble

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



GW170817: supporting the NS merger origin of short GRBs 

UHE Neutrinos Coinciding w. Gravitational Waves?

• GW170817: off-axis (~30 deg) so SGRB models are OK
(unlikely to be a long-lived fast-spinning magnetar) 

• Gen-2 can see ~a few events/decade coinciding w. GW signals 
• UHE n detectors should look (~1/yr for Aeff=1011 cm2 at EeV)

Kimura, KM, Meszaros & Kiuch 17 ApJL
used in ANTARES-IceCube-Auger-LIGO-VIRGO

operation. The estimated values of (DT are tabulated in Table 3.
We find that the simultaneous detection of gamma-rays,
neutrinos, and GWs is possible in the era of IceCube-Gen2
and aLIGO/aVirgo/KAGRA, assuming a cosmic-ray loading
factor, x ~ 10p . This will allow us to probe the physical
conditions during EEs, including the cosmic-ray loading factor
and the Lorentz factor (see Section 4).

In the near future, KM3NeT will be in operation. While
IceCube is more suitable to observe the northern sky, KM3NeT
will achieve a better sensitivity for the southern sky, helping us
improve the possibility of detections.

In reality, not only Γ but also the other parameters for EEs
(rdiss, L iso

obs, Eiso
obs, α, β, gE ,pk, xB, dL) should be distributed in

certain ranges. However, their distribution functions are quite
uncertain, and detailed discussion of the parameter depen-
dences is beyond the scope of this Letter. Systematic studies
are required to obtain more solid conclusions.

4. Summary and Discussion

We have discussed the detectability of high-energy neutrinos
from SGRBs that occur within the sensitivity range of GW
detectors. We have calculated the neutrino fluences from
SGRBs including prompt emission and late-time emissions
(EEs, flares, plateaus) and shown that EEs may be accom-
panied by more efficient production of high-energy neutrinos
than the other components. Assuming that the distribution
function of the jet Lorentz factor is lognormal, the detection
probability of high-energy neutrinos from EEs with IceCube
and IceCube-Gen2 have been estimated as a function of dL.
Using the expected distance of GW detection from face-on NS–
NS binaries (∼300Mpc), IceCube can detect neutrinos from
less than 10% of EEs in the moderate case and around half of
EEs in the optimistic case, while IceCube-Gen2 can detect
around one-fourth of EEs in the moderate case and around
more than three-fourth of EEs in the optimistic case,
respectively. With several years of operation of IceCube-
Gen2, one may expect a high probability for the quasi-
simultaneous detections of gamma-rays, neutrinos, and GWs
from X-ray bright SGRBs.

The sky position and timing information of an SGRB are
obtained from electromagnetic waves and GWs, which
allow us to reduce the atmospheric background. The intensity
of the atmospheric neutrinos above TeV is around ´6

- - - -10 erg s sr cm8 1 1 2 (e.g., Abbasi et al. 2011). Within the
angular resolution of track-like events (~1 ) and the time

window of EEs (∼102 s), the atmospheric neutrino fluence can
ideally be as small as ~ ´ - -2 10 erg cm9 2. Although the
localization accuracy can be much worse, e.g., ∼5°–15° for
Fermi GBM (depending on the burst duration) or a few degrees
for the GW detector network (aLIGO/VIRGO/KAGRA)
without electromagnetic wave counterparts(e.g., Schutz 2011),
the atmospheric neutrino background is still much lower than
the signal in many cases. Therefore, we can safely neglect the
atmospheric backgrounds.
In the 2030s, third-generation GW detectors, such as

Einstein Telescope (ET) and LIGO cosmic explorer (LIGO-
CE), might be realized. ET and LIGO-CE can detect NS–NS
mergers even around ~z 2 and ~z 6, respectively(Sathya-
prakash et al. 2012; Abbott et al. 2017). Next-generation MeV
gamma-ray satellites such as e-ASTROGAM and AMEGO are
also being planned, which would be able to detect SGRBs at
2z 1 with an angular resolution of less than a few degrees.

Since GW data can tell us a redshift of each event for given
cosmological parameters,7 the redshift distribution of NS–NS
mergers and SGRBs will be obtained. In the IceCube-Gen2 era,
stacking analyses are expected to be powerful. For simplicity,
we assume all of the EEs have the same parameters as in the
EE-mod or EE-opt model, except for dL=5.8 Gpc (corresp-
onding to ~z 0.9). At this typical redshift of SGRBs(Wander-
man & Piran 2015), the SGRB rate is increased to
~ - -45 Gpc yr3 1, but the atmospheric neutrinos are still
negligible partially because the signal fluxes expected in this
work typically have peak energies of >10 TeV.8 Under the
assumption that half of the SGRBs are accompanied by EEs,
we expect ∼1300 EEs per year in the northern sky. The
expected number of nm-induced upgoing tracks in IceCube-
Gen2 is & ´m

-� 4.6 10 4 and &m � 0.021 for the EE-mod
and EE-opt models, respectively. We find that the detection
probability for a three-month operation, (0.25yr, is �0.14 for
EE-mod and�0.999 for EE-opt. Two years of operation would
be enough to increase ( � 0.691yr for EE-mod. Detailed
discussion, including the effect of cosmological evolution and
parameter dependence, is left for future work. We encourage
stacking analyses specialized on not only long GRBs but also
SGRBs with longer time windows in order to constrain high-
energy neutrino emission associated with the late-time
activities.
High-energy neutrinos can serve as a powerful probe of

cosmic-ray acceleration in SGRBs and physics of SGRB jets
associated with NS–NS mergers. They can provide important
clues to an outflow associated with late-time activities, whose
mechanisms are highly uncertain. Several scenarios for late-
time activities have been proposed to explain EEs, flares, and
plateaus. For example, the fragmentation of the accretion disk
(Perna et al. 2006) and its magnetic barrier (Liu et al. 2012)
may lead to a considerable amount of baryons around the
central engine, which may result in a high baryon loading
factor. On the other hand, baryon loading factors can be very
low if the outflow is largely Poynting-dominated. This could
be realized by not only Blandford–Znajek jets from a BH
(Nakamura et al. 2014; Kisaka et al. 2015) but also a long-lived

Table 3
The Detection Probabilities within a Given Time Interval, (DT

NS–NS (D =T 10 years) IC (all) Gen2 (all)

EE-mod-dist-A 0.11–0.25 0.37–0.69
EE-mod-dist-B 0.16–0.35 0.44–0.77
EE-opt-dist-A 0.76–0.97 0.98–1.00
EE-opt-dist-B 0.65–0.93 0.93–1.00

NS–BH (D =T 5 years) IC (all) Gen2 (all)

EE-mod-dist-A 0.12–0.28 0.45–0.88
EE-mod-dist-B 0.18–0.39 0.57–0.88
EE-opt-dist-A 0.85–0.99 1.00–1.00
EE-opt-dist-B 0.77–0.97 0.99–1.00

Note. The SGRB rate is assumed to be -- - - -4 Gpc yr 10 Gpc yr3 1 3 1.

7 The GW data can give the redshift and cosmological parameters
independently of electromagnetic signals if the tidal effect is taken into
account (Messenger & Read 2012).
8 The temporal information of gamma-ray light curves is also useful to reduce
the atmospheric background(Bartos & Márka 2014). See also Bustamante
et al. (2015).
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Summary

BSM physics? (I do not have time to discuss…)
ANITA events, nt physics, dark matter, secret interactions, LIV etc. 

g-ray flux ~ n flux ~ CR flux: multi-messenger data are now informative
Cosmogenic?
Auger Xmax -> ~10-10-10-9 GeV/cm2/s/sr
proton fraction can be constrained

PeV n sources?
pp scenarios can explain n, g & CR
-> ~3x10-9 GeV/cm2/s/sr at 100 PeV
pg scenarios can naturally explain <100 
TeV data as hidden sources

Beyond PeV?
blazar (FSRQ) & transients
Need 0.1-1 EeV n obs. w. <1-3°res.
First UHE n detection may be source n
Encouraging real-time EHE n alerts

GRAND Collaboration 1708.05128 



Meszaros (2001)

Gamma-Ray Burst Neutrinos

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

Meszaros & Waxman 01 PRL
Razzaque et al. 03 PRL
KM & Ioka 13 PRL

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

TeV-PeV ν, no γ

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

PeV ν, GeV-TeV γ
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.

6

Can IceCube’s Neutrinos Come from Classical GRBs?

He+ KM 12 ApJ

Standard jet models as the cosmic n origin: excluded by multimessenger obs.
- Classical GRBs: constrained by stacking analyses <~ 10-9 GeV cm-2 s-1 sr-1 

※ space- and time-coincidence (duration~30 s → background free)

Classical GRBs (prompt)
IceCube 2015

IC-40/59
(IC-79/86 stronger)
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CR γ 

γ 

ν 

Bustamante, Baerwald, KM, & Winter 15 Nature Comm.
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Multiplet & Auto-Correlation Constraints on Blazars

• “Steady” blazars are unlikely as the main sources of IceCube’s n
(cf. BL Lacs: n0

tot~10-7-10-6 Mpc-3, FSRQs: n0
tot~10-9-10-8 Mpc-3)

KM & Waxman 16 PRD

n0 > 10-5-10-6 Mpc-3 for non-evolving sourcesNo high-energy multiplets
No small-scale anisotropy

(Ln~Lg
2)

(Ln~Lg
1.5)



Stacking Constraints on Blazars
IceCube Collaboration 17 ApJ

All 2LAC

HBL 2FHL

IceCube Collaboration 17 ICRC

Blazars are rare objects -> if Lg/Ln~1 nearby blazars should be seen in IceCube
- All 2LAC, FSRQ 3LAC, HBL 2FHL catalogues
2LAC: blazar contribution < 7-27 % of the IceCube flux
2FHL: blazar contribution < 4-6 % of the IceCube flux 

- Some model-dependence 
results depend on SED templates, g-dim population may be allowed

- Conservative for weighting: theoretically-motivated weights: Ln∝ Lg - Lg2



Active Galactic Nuclei (AGN)

“blazar” (FSRQ+BL Lac)
= on-axis jets
•Flares (e.g., T ~ day)

BH + accretion disk

~ 9 %
Lradio < 5 ×1041 erg/s

FR-II radio galaxy
Flat spectrum radio quasar (FSRQ)
Steep spectrum radio quasar (SSRQ)

FR=Fanaroff-Riley

FR-I radio galaxy
BL Lacertae object (BL Lac)

~ 10%
Jets

(Γ~1-10)
elliptical gal.

~ 90%
No jets

spiral gal.

3C 296

Cygnus A

~ 1 %
Lradio > 5×1041 erg/s

Seyfert galaxy
Radio quiet quasar
Radio intermediate quasar
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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): “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)
(or quasar-hosted blazars (QHBs))
mosty LSPs (npk<1014 Hz), GeV break

BL Lac objects (BL Lacs)
emission to VHE/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
HE radiation: relativistic electrons accelerated in inner jets

(magnetic reconnection, shock acc., shear acc., turbulence etc.) 

• Basic tool: one-zone syn./SSC model w. syn. self-absorption and internal gg
• For EIC: bloadline regions (BLR), dust torus, (scattered) accretion disk
• Complicated injection spectrum (intrinsic spectral break & low max. energy)
• Log-parabolic function works well: stochastic acc.? 
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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 or QHBs
synchrotron/SSC+EIC model fits 

(ex. Tramacere+ 11)

Mrk 421 (z=0.033)



Maximum CR Energy

Active Galactic Nuclei (AGN)＝typical persistent candidates
~10% of AGN have powerful jets (Fanaroff-Riley galaxies)

FR I : dim but numerous 
FR II：powerful but rare 

(no FR II within GZK volume)

FR II

FR I

Xu et al. 2009 ApJL

KM, Dermer, Takami, & Migliori 2012 ApJ

Nearby FR I & blazars seen by Fermifrom radio data



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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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 CR sources

HSP BL Lac w. G=10
(comoving frame)

Emax~Z1019.5 eV



Ions? Maximum CR Energy
~10% of AGN have powerful jets: “radio-loud AGN”

~1-10% 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
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FSRQ w. G=10
(comoving frame)

Emax~Z1019 eV

Emax < Z1019 eV for FSRQs
pg/Ag losses are very important

FSRQs cannot be 1020 eV CR sources
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“Blazar sequence”
softer spectra at higher L
LSP: powerful ⇆ HSP: weak

(Fossati+ 98)

disk

dust 
torus

jet

external radiation fields: relevant for FSRQs



38

39

40

41

42

43

44

45

46

47

48

49

50

3 4 5 6 7 8 9 10 11

lo
g(
E
’ ν
L E

’ ν
[e
rg
s-
1 ]
)

log(E’ν [GeV])

BLR/DustTorus
Blazar Zone

quasar-hosted
blazars

BL Lac
objects

Neutrino SEDs

leptonic scenario
ex. Ln ∝ Lg

2

(KM, Inoue & Dermer 14 PRD)

June 1, 2016 19:6 World Scientific Review Volume - 9.75in x 6.5in ms page 4

4 Kohta Murase

 41

 42

 43

 44

 45

 46

 47

 48

 49

 50

 51

-7 -6 -5 -4 -3 -2 -1  0  1  2  3  4  5  6  7  8  9  10 11 12 13

lo
g

(E
’ L

E
’  [

e
rg

 s
-1

])

log(E’ [eV])

38

39

40

41

42

43

44

45

46

47

48

49

50

3 4 5 6 7 8 9 10 11

lo
g(
E
’ ν
L E

’ ν
[e
rg
s-
1 ]
)

log(E’ν [GeV])

BLR/DustTorus
Blazar Zone

quasar-hosted
blazars

BL Lac
objects

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

fp�(E
0
p) ⇡

2���

1 + �

�"̄�
"̄�

Ls
rad

4⇡r�2cE0
s

✓
E0

p

E0s
p

◆��1

, (2)

where �� ⇠ 5⇥ 10�28 cm2, � ⇠ 0.2, "̄� ⇠ 0.3 GeV, �"̄� ⇠ 0.2 GeV, Ls
rad is the

jet synchrotron luminosity at the synchrotron peak E0
s, r is the emission radius,

� is the bulk Lorentz factor of jets, and � is the photon index of target photons.
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energy of protons that interact with target photons with E0
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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
of mesons and muons is negligible, the characteristic neutrino energy corresponding
to E0b
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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:

external radiation fields
Ln∝Lg

1.5 
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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
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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).

33

Blazar Flares?

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Flares: NOT well-constrained: good chances to see them (ex. Dermer KM Inoue 14
KM & Waxman 16)
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Nancy Wandkowsky, Measurement of neutrino events above 1 TeV with contained vertices

7-yr unfolding Systematics not included yet!

Low-threshold starting events (2010-2016) 14

• Unfolding to neutrino energy:  
• assume isotropic flux, νe:νµ:ν!=1:1:1, ν:ν=1:1 
• compatible with through-going muons in sensitive energy range

e.g.!νµ!+!N!!!µ!+!hadrons!

Results
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±

Differential Flux Measurement



•  relax power-law assumption
        by fitting separate flux normalizations in bins of Eν (E-2 distribution within each bin)


•  large uncertainties at low (<10 TeV) and high (>200 TeV) energies
 (! dominated by conventional background)  (! only 6 events)

•  consistent with single power-law        

-15-

Lowering the Threshold: Medium-Energy Data

• Medium-energy starting events
Edep>~1 TeV (2010-2016)

best-fit simple PL: s=2.69±0.08
systematics is not included

IceCube 17 ICRC

• Shower analyses
Edep: 0.4 TeV-10 PeV (2010-2015)

4740 events, s=2.48+-0.08
En

2 Fn=(1.57+0.23-0.22)x10-8 GeV cm-2 s-1 sr-1

at 100 TeV (per flavor)
No evidence for north-south asymmetry 

IceCube 17 ICRC

2-3s tension: hint about the structure in neutrino spectra???



Indication of Gamma-Ray Dark Cosmic-Ray Accelerators

• gg → e+e-: unavoidable in pg sources (ex. GRBs, AGN)
• n sources should naturally be obscured in GeV-TeV g rays

KM, Guetta & Ahlers 16 PRL
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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,

GRBs and AGN as Hidden Neutrino Factories?

Engine-driven supernovae 
(choked jets)

Supermassive blackhole cores
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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,
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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
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lead to internal shocks, where the Lorentz factor can be
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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 ’
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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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Late time decay of very heavy dark matter is considered as one of the possible explanations for diffuse
PeV neutrinos observed in IceCube. We consider implications of multimessenger constraints, and show
that proposed models are marginally consistent with the diffuse γ-ray background data. Critical tests are
possible by a detailed analysis and identification of the sub-TeV isotropic diffuse γ-ray data observed by
Fermi and future observations of sub-PeV γ rays by observatories like HAWC or Tibet ASþMD. In
addition, with several-year observations by next-generation telescopes such as IceCube-Gen2, muon
neutrino searches for nearby dark matter halos such as the Virgo cluster should allow us to rule out or
support the dark matter models, independently of γ-ray and anisotropy tests.
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The origin of cosmic high-energy neutrinos [1–3] is a
new mystery in astroparticle physics (see, e.g., Refs. [4–8]).
Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be

E2
νΦν ¼ E2

νΦEG
ν þ E2

νΦG
ν

≈
ctHξz
4π

ρdmc2

τdmRν
þ RscJ Ω

4π
ρscc2

τdmRν

∼ 4 × 10−8 GeVcm−2 s−1 sr−1

×
!
1þ 1.6ðJ Ω=2Þ

2.6

"
τ−1dm;27.5ðRν=15Þ−1; ð1Þ

where ΦEG
ν and ΦG

ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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The origin of cosmic high-energy neutrinos [1–3] is a
new mystery in astroparticle physics (see, e.g., Refs. [4–8]).
Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be
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where ΦEG
ν and ΦG

ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be
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where ΦEG
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ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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(“dominant” in terms of the number of papers)

Secret interactions

Neutrino decay 

Ioka & KM 14, Ng & Beacom 14, Ibe & Kaneta 14, Blum, Hook & KM 14, Cherry, Friedland & Shoemaker 14,
Araki et al. 15, DiFranzo & Hooper 15, Kamada & Yu 15, Araki et al. 16, Shoemaker & KM 16, Yin 17

Pagliaroli et al. 15, Shoemaker & KM 16, Bustamante, Beacom & KM 17, Denton & Tamborra 18 



Secret Interactions

• EHE neutrinos can interact w. CnB via a 1-10 MeV mediator
• Cause “neutrino cascades”
• Small coupling for active n (but can be large for sterile n)
• Large flux of cosmogenic n can be converted into sterile n

Ioka & KM 14 (see also Ng & Beacom 14, Blum, KM & Hook 14, Cherry & Shoemaker 18)
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Multi-Messenger Emission of Decaying Dark Matter

• Galactic: g → direct (w. some attenuation), e± → sync. + inv. Compton
• Extragalactic → EM cascades during cosmological propagation

KM, Laha, Ando & Ahlers 15

DM → ne+ne (12%)
DM → b+bbar (88%)
(similar results in other 
models that are proposed)  

see also:
KM & Beacom 12
Esmaili & Serpico 15 

strong tension with existing Fermi (sub-TeV g) and air-shower (sub-PeV g) data  



Multi-Messenger Constraints on Decaying DM
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Pass 8, eight-year Fermi data w. non-Poissonian template fitting method
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Gamma-ray limits are improved independently of astrophysical modeling
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(Fermi Collaboration 12)

Fermi-LAT
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tension w. diffuse VHE g-ray limits that are important at ultrahigh energies 
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(see also Ahlers & KM 14, KM et al. 15, 
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Examples of Models (EFT)
15

⇣
RSU(2)

⌘

Y
operator final states ratios of BR’s, m� �TeV ⌧ & 1027 [s]

spin 0

(0)0

�H†H hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079a

� (LH)2
⌫⌫hh, ⌫⌫Z0Z0, ⌫⌫Z0h, 1 : 1 : 2 :

⇤̄4/m̄5
� & 1

⌫e�hW+, ⌫e�Z0W+, e�e�W+W+, 2 : 2 : 4 :

⌫⌫h, ⌫⌫Z0, ⌫e�W+, ⌫⌫ 24⇡2 v2

m2
�

⇣
1 : 1 : 1 : 768⇡2 v2

m2
�

⌘

�HL̄E h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�H̃Q̄U , �HQ̄D hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

�Bµ⌫
(⇠)

B µ⌫ ��, �Z, ZZ c4W : 2c2W s2W : s4W ⇤̄2/m̄3
� & 2⇥ 1031

�Wµ⌫
(⇠)

W µ⌫ ��, �Z0, Z0Z0, W+W� b s4W : 2c2W s2W : c4W : 2 ⇤̄2/m̄3
� & 6⇥ 1031

�Gµ⌫
(⇠)

G µ⌫ hadrons 1 ⇤̄2/m̄3
� & 2⇥ 1032

�DµH†DµH hh, Z0Z0, W+W� c 1 : 1 : 2 ⇤̄2/m̄3
� & 3⇥ 1030

(2)1/2
d

V�̂ [114]e hhh, hZ0Z0, hW+W� 1 : 1 : 2 g2m̄� . 2⇥ 10�53

Vc��↵ [114]e,f hh, Z0Z0, W+W� �
1 + (�T � 2�A)/�

�2
: 1 : 2 m̄�/c2��↵ & 4⇥ 1048

�L̄E `+`� 1 g2m̄� . 2⇥ 10�56

�̃Q̄U , �Q̄D qq̄ 1 g2m̄� . 6⇥ 10�57

(3)0

�aH̃�aH hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079

�aWa
µ⌫B

µ⌫ ��, Z0�, Z0Z0 c2W s2W : 2
�
c2W � s2W

�2
: c2W s2W ⇤̄2/m̄3

� & 1⇥ 1031

�aL̄E�aH h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�aQ̄U�aH̃, �aQ̄D�aH hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

(3)1 �aLT �a�2L ⌫⌫ 1 g2m̄� . 2⇥ 10�56

spin 1/2

(1)0 H̃L̄ ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(2)1/2 H̃ ̄E ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(3)0 HL̄�a a ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

spin 1

(0)0
f̄�µV 0µf ff̄ see text Ncg2m̄� . 2⇥ 10�56

Bµ⌫F 0µ⌫/2 ff̄ see text g2m̄� . 4⇥ 10�56

aThis operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-
mutation.
bAdditional three- and four-body decays are suppressed.
cZ0Z0hh is further suppressed by four-body phase space factors.
dHere we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

CP. See the text for details.
eFor brevity, we follow the notation of [114], which studies the Two-Higgs-Doublet model in the decoupling limit. VX denotes that the

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for
details
fThe mixing factor c��↵ ! v2/m2

� in the decoupling limit.

TABLE S2: A summary of the di↵erent operators that couple a decaying DM candidate to the SM fields. f stands for any of
the SM fermions, q(0) stands for quarks and ` for the leptons. We define m̄� = m�/PeV and ⇤̄ = ⇤/mPl .

EFT (up to dimension 6)



Model-Dependent Results

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

1029

⌧
[s

]

Gravitino DM

EG only

IC only

Prompt only

Fermi combined

IceCube

IceCube 3�
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

W `

Z⌫

h⌫

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

1029

⌧
[s

]

�(LH)2/⇤2

EG only

IC only

Prompt only

Fermi combined

IceCube

IceCube 3�
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

2-body

3-body

4-body

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

⌧
[s

]
Glueball DM

EG only

IC only

Prompt only

Fermi combined

IceCube
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

hh

bb̄

⌧⌧

WW + ZZ

4

invariant e↵ective field theory (EFT) realizations. If the
decay is mediated by irrelevant operators, and given the
long lifetimes we are probing, it is natural to assume very
high cut-o↵ scales ⇤, such as the GUT scale ⇠1016 GeV
or the Planck scale mPl ' 2.4⇥ 1018 GeV. We expect all
gauge invariant operators connecting the dark sector to
the SM to appear in the EFT suppressed by a scale mPl

or less (assuming no accidentally small coe�cients and,
perhaps, discrete global symmetries).

It is also interesting to consider models that could yield
signals relevant for this analysis. Many cases are ex-
plored in the Supplementary Material, and here we high-
light one simple option: a hidden sector that consists
of a confining gauge theory, at scale ⇤D [80], without
additional light matter. Hidden gauge sectors that de-
couple from the SM at high scales appear to be generic
in many string constructions (see [81] for a recent dis-
cussion). Denoting the hidden-sector field strength as
GDµ⌫ , then the lowest dimensional operator connecting
the hidden sector to the SM appears at dimension-6:
L � �D GDµ⌫ G

µ⌫
D |H|2/⇤2, where �D is a dimension-

less coupling constant, ⇤ is the scale where this operator
is generated, and H the SM Higgs doublet. The light-
est 0++ glueball state in the hidden gauge theory is a
simple DM candidate �, with m� ⇠ ⇤D, though heav-
ier, long-lived states may also play important roles (see
e.g. [82]). The lowest dimension EFT operator connect-
ing � to the SM is then ⇠ � |H|2 ⇤3

D/⇤2. Furthermore,
⇤D & 100MeV in order to avoid constraints on DM self-
interactions [83].

At masses comparable to and lower than the elec-
troweak scale, the glueball decays primary to b quarks
through mixing with the SM Higgs, while at high masses
the glueball decays predominantly to W±, Z0, and Higgs
boson pairs (see the inset of Fig. 2 for the dominant
branching ratios). In the high-mass limit, the lifetime
is approximately

⌧ ' 5 · 1027 s
✓

3

ND

1

4⇡�D

◆2 ✓ ⇤

mPl

◆4 ✓0.1PeV

⇤D

◆5

, (1)

with ND the number of colors. This is roughly the right
lifetime to be relevant for the IceCube neutrino flux.

In Fig. 2, we show our constraint on this glueball
model. Using Eq. (1), these results suggest that mod-
els with ⇤D & 0.1 PeV, �D & 1/(4⇡), and ⇤ = mPl are
excluded. As in Fig. 1, the shaded green is the region of
parameter space where the model may contribute signif-
icantly to IceCube, and the dashed red line provides the
limit we obtain from IceCube allowing for an astrophysi-
cal contribution to the flux. As in the case of the b b̄ final
state, the gamma-ray limits derived in this work are in
tension with the decaying-DM origin of the signal.

Figure 2 also illustrates the relative contribution of
prompt, IC and extragalactic emissions to the total limit.
The 95% confidence interval is shown for each source, as-
suming background templates only, where the normaliza-
tions are fit to the data. Across almost all of the mass

FIG. 2: Limits on decaying glueball DM (see text for detals).
We show limits obtained from prompt, IC, and EG emission
only, along with the 95% confidence window for the expec-
tation of each limit from MC simulations. Furthermore, the
parameter space where the IceCube data may be interpreted
as a ⇠3� hint for DM is shown in shaded green, with the
best fit point represented by the star. (inset) The dominant
glueball DM branching ratios.

range, and particularly at the highest masses, the lim-
its obtained on the real data align with the expectations
from MC. In the statistics-dominated regime, we would
expect the real-data limits to be consistent with those
from MC, while in the systematics dominated regime the
limits on real data may di↵er from those obtained from
MC. This is because the real data can have residuals com-
ing from mis-modeling the background templates, and
the overall goodness of fit may increase with flux from
the NFW-correlated template, for example, even in the
absence of DM. Alternatively, the background templates
may overpredict the flux at certain regions of the sky,
leading to over-subtraction issues that could make the
limits artificially strong.

V. DISCUSSION

In this work, we presented some of the strongest lim-
its to date on decaying DM from a dedicated analysis of
Fermi gamma-ray data incorporating spectral and spatial
information, along with up-to-date modeling of di↵use
emission in the Milky Way. Our results disfavor a decay-
ing DM explanation of the IceCube high-energy neutrino
data.
There are several ways that our analysis could be ex-

panded upon. We have not attempted to characterize the
spectral composition of the astrophysical contributions to
the isotropic emission, which may strengthen our limits.
On the other hand, ideally, for a given, fixed decaying
DM flux in the profile likelihood, we should marginal-

high-energy (>100 TeV) data could be consistent
<100 TeV (e.g., MESE) data cannot be explained
(see also Bhattacharya et al. 17)
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Nearby DM halos (clusters & galaxies)
should be seen as point/extended sources

Virgo + M31

-- Higaki, Kitano & Sato 14
-- Esmaili & Serpico 13
-- Rott, Kohri & Park 14

flux ∝ Mdm/tdm/d2

stacking or cross-correlation
powerful independent of g-ray limits

 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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Constraints from Neutrino Flavors
Shower-to-track ratio -> flavor information 
BSM physics tests w. sufficient statistics (especially by Gen2)
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Neutrino Decay: Normal Hierarchy

complete decay of n2, n3
disfavored only by flavors

3

the source, considering that typical baselines range from
tens of Mpc to a few Gpc. After a few oscillation lengths,
oscillations average out, the flavor-transition probability
is no longer oscillatory and depends only on the mixing
parameters, i.e., P↵� =

P
i |U↵i|2 |U�i|2, for the ⌫↵ ! ⌫�

transition, where the U⇤
↵i are components of the PMNS

matrix. After oscillations average out, decay continues
to a↵ect the flavor mixing.

The neutrino mass hierarchy is unknown. In the nor-
mal hierarchy (NH), ⌫1 is the lightest eigenstate; we will
consider that it is the sole stable one, and that ⌫2 and ⌫3
decay to it. In the inverted hierarchy (IH), ⌫3 is lightest;
we take it as stable, and ⌫1 and ⌫2 decay to it. We treat
the two hierarchies separately.

B. Lifetime limits and sensitivities

Supernova, solar, atmospheric, and terrestrial long-
baseline neutrino experiments are sensitive to di↵erent
lifetimes, determined by their energies and baselines, and
the flavor sensitivity of their detectors.

Neutrinos with low energies and long baselines are sen-
sitive to long lifetimes – see Eq. (2). Therefore, super-
nova neutrinos, with tens of MeV and > 10 kpc, are ideal
candidates. In fact, the detection of neutrinos from su-
pernova SN1987A [13, 14], 51.5 kpc away, implies a limit
of �1 & 105 s eV�1 for all surviving eigenstates.

There are two problems with this limit, though. First,
the uncertainty in the modeled flavor composition of the
neutrino flux that left the supernova. Second, the fact
that the flavor composition of the arriving flux was not
measured, since the detectors at the time –Kamiokande-
2, IMB, and Baksan– were almost exclusively sensitive to
⌫̄e. Hence, detection only assured that at least one mass
eigenstate reached Earth. Since ⌫̄e has a large component
of ⌫1 and ⌫2 (see Fig. 5), the limit is typically applied to
one of them. However, the observation is also compatible
with a pure-⌫1 flux, which could have been generated by
decay. Therefore, we treat the lifetime from SN1987A,
not as a limit, but as the sensitivity that can be reached
with the future detection of neutrinos from a Galactic
supernova, assuming improved flavor identification and
modeling of the flux that leaves the source.

Figure 1 shows lifetime sensitivities and limits. For ⌫1
and ⌫2, the limits come from solar neutrinos [15]: �1

1 &
4 · 10�3 s eV�1 and �1

2 & 7 · 10�4 s eV�1; see also
Refs. [16–18]. For ⌫3, the limit is weak: �1

3 & 7 ·10�11 s
eV�1, from atmospheric and long-baseline neutrinos [19].
IceCube would reach its “ultimate” sensitivity of �1 &
102 s eV�1 if it detected neutrinos of 10 TeV correlated
to sources at 1 Gpc.

The figure includes the new limits that we will de-
rive from the di↵use high-energy astrophysical neutrino
flux. They clearly improve over existing limits, due to
their huge baselines. They are unable to match the ulti-
mate sensitivities because these are mostly higher-energy
neutrinos and are not associated to individual sources.
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FIG. 2. Decay damping D as a function of redshift, for a fixed
lifetime of �1 = 10 s eV�1.

The sensitivity reachable with supernova neutrinos is still
higher, due to their lower energies. However, we will show
that the limits from IceCube are devoid of the aforemen-
tioned complications present in supernova neutrinos.

C. Decay in astrophysical neutrinos

When solving the decay equation, Eq. (1), for astro-
physical neutrinos, we must take into account the e↵ect
of cosmological expansion on energy and the fact that
the lookback distance cannot exceed the Hubble length
LH ⇡ 3.89 Gpc . This was done in Ref. [20]. The fraction
of ⌫i, emitted by a source with redshift z, that remains
upon reaching Earth, is given by

D
�
E0, z,

�1
�
= [Z (z)]�

LH
E0 , (5)

where E0 is the neutrino energy in the present epoch
(the energy at emission was E0 (1 + z)) and the redshift-
dependent part of the decay damping is

Z (z) ' a+ be�cz , (6)

with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ =
0.73. The flavor-mixing probability acquires energy
and redshift dependence via D: P↵�

�
E0, z,

�1
i

�
=P

i |U↵i|2 |U�i|2 D
�
E0, z,

�1
i

�
. For stable ⌫i, D = 1.

The redshift suppression Z tends asymptotically to a
at high redshifts, but already at z = 1 (⇠ 1 Gpc) it

redshift evolution 

challenging. For our projected sensitivity of 10 s eV−1,
decay would leave a strong imprint, since it would be
complete (D ≪ 1) for all but local sources.
Figure 4 shows how the decay damping varies with

lifetime, for different values of received energy in the
IceCube range. For a lifetime of 10 s eV−1, decay is
essentially complete for most of the range.

B. Introducing decay in the flavor composition

Decay occurs along flavor oscillations. However, they
have very different length scales. Neutrinos either leave a
source as incoherentmass eigenstates due tomatter effects or
nearly immediately become so with vacuum mixing
due to the short oscillation length, ∼10−15 Mpc ðE=TeVÞ.
After a few oscillation lengths, the να → νβ flavor-transition
probability averages out toPαβ ¼

P
ijUαij2jUβij2. The decay

length is orders of magnitude larger, ∼0.01 Mpcðτ=sÞ=
ðm=eVÞðE=TeVÞ.
With decay, the flavor-transition probability becomes

energy and redshift dependent: PαβðE0; z; τi=miÞ ¼P
ijUαij2jUβij2DðE0; z; τi=miÞ. See Appendix A.
The flavor ratios of astrophysical neutrinos can reveal

information about conditions at production, propagation,
and detection [17,24,64–78]. The neutrino production
mechanisms determine the flavor ratios that leave the
source, fα;S (with fe;S þ fμ;S þ fτ;S ¼ 1). If neutrinos
are produced in the decay of pions made in proton-photon
or proton-proton interactions, then, to first order,
ðfe;S∶fμ;S∶fτ;SÞ ¼ ð13 ∶

2
3 ∶0Þ.

Flavor mixing determines the ratios at Earth: fα;⊕ ¼P
βfβ;SPβα. They depend on the values of the mixing

angles, CP-violation phase, and, if decay is present, on
energy, lifetimes, and source redshifts. The source flavor
ratios above yield the standard expectation of
ðfe;⊕∶fμ;⊕∶fτ;⊕Þ ≈ ð13 ∶

1
3 ∶

1
3Þ.

Decay affects the flavor composition during propagation
by depleting the population of heavier mass eigenstates
and enhancing the population of the lightest one. Under
complete decay (D ≪ 1), flavor ratios are given by the
flavor content of the sole remaining stable eigenstate [15],
i.e., fα;⊕ ¼ jUα1j2 in the NH and fα;⊕ ¼ jUα3j2 in the IH.
The position and shape of the transition region from no
decay to complete decay depend on the lifetimes and
fraction of energy given to daughters [79]. For calculational
simplicity, in our results below we focus on the simplified
case where daughters receive the full parent energy.
Appendix A contains the derivation of flavor ratios at
Earth in this case. This choice does not imply a loss of
generality in our treatment and conclusions as long as we
lack sufficient data to probe the neutrino spectral shape for
a transitional feature from a scenario of no decay to one of
complete decay (see Sec. IV D).

C. Managing unidentified sources

To compute the decay-induced damping of the neutrino
flux emitted by a source, we need to know its redshift; see
Eq. (3). With it, we can calculate, for a given neutrino
energy, what lifetimes lead to complete decay. The problem
with this specific approach is that no astrophysical neutrino
sources have been identified yet [49].
However, we can reasonably assume that the luminosity

density of neutrino sources traces the distribution of other

FIG. 3. Decay damping D as a function of redshift, for a fixed
received neutrino energy E0 ¼ 1 PeV and different values of
lifetime τ=m. The background shading is darker the higher the
differential diffuse flux, assuming γ ¼ 2.50 (see Fig. 9).

FIG. 4. Decay dampingD as a function of neutrino lifetime, for
different values of neutrino energy. The bands are generated by
varying the redshift between 0.5 and 6.
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Bustamante, Beacom & KM 17 PRD
(see also Pagliaroli+ 15 PRD)

The region of allowed flavor ratios at Earth, under
standard mixing, is generated by varying flavor ratios at
the sources freely and mixing parameters within allowed
ranges. It is surprisingly small. It was first shown in Fig. 2
of Ref. [24] (see also Fig. 1 of Ref. [77]); the 3σ contour is
shown here as the “no decay” region of Fig. 6. This region
and the flavor-content regions of pure ν1 and pure ν3
are well separated, at >3σ. Therefore, barring detection
aspects, flavor ratios under standard mixing and under
complete decay cannot be confused.
This conclusion holds whether or not different sources

emit with different flavor ratios. It also holds if flavor ratios
at the sources vary with energy—as long as flavor ratios
at Earth are measured using events binned in a single,
wide energy bin, on account of limited statistics; see the
Supplemental Material of Ref. [24] for details.

F. Summary

Sources of high-energy astrophysical neutrinos, while
undetected, likely trace the redshift distribution of other
objects. Hence, most of the diffuse flux originates from
z ≈ 0.5 − 1, which naturally allows decay to have a strong
effect. Additionally, uncertainties in the spectral index of
the power-law diffuse flux and in the flavor composition at
the sources are unable to mask the effect of decay.

V. MANAGING DETECTION ASPECTS

A. Flavor measurements in IceCube

In IceCube, high-energy neutrinos interact with
nucleons in the Antarctic ice via deep-inelastic scattering;

see Appendix C for details. The interactions are detected by
collecting the Cherenkov light of the final-state particles.
Charged-current interactions create final-state hadrons

and charged leptons. A final-state muon leaves a track of
light a few kilometers long that is clearly identifiable.
(Tracks also come from the decay of taus, produced in ντ
interactions, into muons, which occurs 17% of the time;
and, at higher energies, from taus themselves [83].) A final-
state electron or tau initiates a localized shower whose light
adds to that of the shower initiated by final-state hadrons.
Using the observed energy spectrum of showers allows to
identify the astrophysical neutrino component more clearly
than using the spectrum of tracks [84]. While the particle
content of showers created by final-state hadrons, electrons,
and taus is different, IceCube is currently insensitive to the
difference (muon and neutron echoes might solve this
problem [85]). From the relative number of tracks (mostly
from νμ) and showers (mostly from νe and ντ) the under-
lying flavor ratios are inferred.
Neutral-current interactions create final-state hadrons

and final-state neutrinos. Because, on average, hadrons
receive a small fraction of the incoming neutrino energy,
and because the neutrino spectrum falls with energy, these
showers are subdominant.
IceCube recently reported the flavor ratios of the diffuse

astrophysical neutrino flux [8,75]; their results are shown in
Figs. 2 and 6. They are compatible with the standard
expectation of ð13 ∶

1
3 ∶

1
3Þ⊕, as well as with other composi-

tions expected from standard flavor mixing and from
various new physics [24,77].
In events that start inside the detector (“high-energy

starting events,” or HESE), the energy of the incoming
neutrino can be well reconstructed because all (for showers)
or a large fraction (for tracks) of it is deposited in final-state
particles that shower inside the detector. On the contrary, in
through-going track events, the energy of the incoming
neutrino must be loosely reconstructed using the relatively
short track segment that traverses the detector. However,
this is not a problem for flavor measurements. By sta-
tistically inferring the νμ spectrum from the through-going
track spectrum, IceCube has demonstrated that flavor ratios
can be inferred from the combined HESE and through-
going track data [8], assuming they are constant over a wide
enough energy range. Just as with standard mixing, under
complete decay flavor ratios would be constant and,
therefore, the same kind of combined analysis could be
used (see, however, the recommendations in Sec. V C).
Above ∼5 PeV, flavor-specific detection signatures

become accessible [18,86–92]; none have been observed
yet, and low, but observable, event rates are nominally
expected. For ν̄e of energies around 6.3 PeV, the Glashow
resonance [93] is expected to increase the shower rate; we
will use this to study decay in the IH in Sec. VI B.

B. Managing uncertainties in flavor ratios at Earth
Because muon tracks can be clearly identified, but

showers initiated by νe and ντ cannot presently be

FIG. 6. Allowed να þ ν̄α flavor ratios at Earth with decay to ν1
(NH). For each value of the decay damping D, the region is
generated by scanning over all possible flavor ratios at the source
and mixing parameters within 3σ [31]. The flavor-content region
of ν1 is outlined in dashed yellow [24].

TESTING DECAY OF ASTROPHYSICAL NEUTRINOS WITH … PHYSICAL REVIEW D 95, 063013 (2017)

063013-7

If daughter neutrinos are sterile (“invisible”), they will not
contribute at all. If daughter neutrinos are active (“visible”),
they will contribute some fraction of the parent energy,
inheriting the same spectral index. Therefore, with limited
data, we are insensitive to whether or not decay products
contribute to the detected flux.
We forgo looking for the transition between no decay

and complete decay, which would help as an additional
observable. More sophisticated analyses, with more data,
could do that, by combining flavor and spectral information
[26]. If there is a feature in the neutrino spectrum due to
decay—or from a cutoff in the emission spectrum—then
the properties of daughter neutrinos should be considered
more carefully.

B. Managing uncertainties in neutrino mixing

Decay occurs between mass eigenstates, but neutrino
detectors are sensitive to flavor states for the dominant
detection channel of neutrino-nucleon charged-current
interactions. Mixing between the two bases is large.
It is commonly represented by the Pontecorvo-Maki-
Nakagawa-Sakata matrix U and parametrized by three
angles—θ12 ≈ 34°, θ23 ≈ 45°, and θ13 ≈ 9°—and one
CP-violation phase δCP, still unconstrained.
Uncertainties in the angles are small and shrinking, but
not negligible [31] (also, Refs. [61,62]). Next, we show that
present uncertainties are not an obstacle to testing decay.
Figure 2 shows the regions of flavor content jUαij2 of

the mass eigenstates νi, generated by varying the mixing
parameters within their allowed ranges, from Ref. [24].
They are clearly separable, which means that a flux of pure
ν1 and a flux of pure ν3 would be distinguishable, barring
detection aspects. Results for NH and IH are similar; see
Fig. A.1 in Ref. [24].
The size of the short sides of the regions in Fig. 2 is

determined by the small uncertainties in θ12 and θ13; the
size of the long sides is determined by the larger uncer-
tainties in θ23 and δCP. Future reduced uncertainties in the
mixing angles will shrink the flavor-content regions in
Fig. 2, sharpening the separation between them; see
Fig. C.1 in Ref. [24] and Figs. 5 and 8 in Ref. [26].

C. Summary

Because the neutrino flux—a power law, as indicated by
data—has a normalization that is a priori unknown, under
complete decay there is no sensitivity to whether or not
daughter neutrinos are active and to what fraction of the
parent neutrino energy they receive. As a result, there is no
sensitivity to different decay modes. This lack of sensitivity
is exploited here to estimate model-independent sensitiv-
ities to neutrino lifetime. Additionally, uncertainties in
mixing parameters are small enough for the flavor-content
regions of ν1 and ν3, corresponding to complete decay in
the NH and IH, to be well separated.

IV. MANAGING UNCERTAINTIES IN
SOURCE PROPERTIES

A. Introducing cosmological effects on decay

So far in our discussion, we have neglected two physical
effects: the scaling of energy with redshift due to cosmo-
logical expansion and the dependence on redshift of the
time traveled by the neutrino, as measured by its own clock,
via the look-back distance [12]. Taking them into account,
the fraction of νi, emitted by a source with redshift z, that
remains upon reaching Earth, is

DðE0; z; τ=mÞ ¼ ½ZðzÞ%−
m
τ ·
LH
E0 ; ð3Þ

where E0 is the received neutrino energy, while the energy
at emission was E0ð1þ zÞ, and LH ≈ 3.89 Gpc is the
Hubble length. The redshift-dependent part is ZðzÞ≃
aþ be−cz, with a ≈ 1.71, b ¼ 1 − a, and c ≈ 1.27 for a
ΛCDM cosmology with Ωm ¼ 0.27 and ΩΛ ¼ 0.73.
For stable eigenstates, D ¼ 1; for unstable ones, D < 1.
If D ≪ 1 for all unstable neutrinos, decay is complete.
Equation (3) was first derived in Ref. [12] (see Ref. [63] for
a related application to neutrino oscillations).
Figure 3 shows the cumulative effect of decay, for a fixed

received energy of 1 PeV. For a lifetime of 103 s eV−1,
D ≈ 1 for the most important redshifts, which means
that reaching the ultimate IceCube sensitivity will be

FIG. 2. Flavor content of mass eigenstates ν1, ν2, and ν3, in the
NH (results for the IH are very similar [24]). The regions are
generated using the best-fit value of the mixing parameters (light
yellow), and their 1σ (darker) and 3σ (darkest) uncertainty ranges
from Ref. [31]. IceCube astrophysical flavor composition mea-
surements [8] are shown. Values are read parallel to their ticks.
Figure modified from Fig. 1 in Ref. [24].
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distinguished [24,74,94], the IceCube flavor contours
[8,75] in Figs. 2 and 6 are nearly horizontal. The slight
tilt of the contours is due to the smaller average energy
deposition of ντ-initiated showers and to the occasional
decay of ντ to μ, which prevents the ντ fraction from being
higher. The height of the contours is determined by the
number of events, while their width is determined by the
indistinguishability of νe and ντ.
In spite of these limitations, Fig. 2 shows that the flavor-

content region of ν1, expected from complete decay in the
NH, is presently disfavored at ≳2σ. This observation is the
basis of the method to calculate lifetime sensitivity intro-
duced in Sec. VI A. More data would shrink the IceCube
flavor contours. Assuming no other change, this would
disfavor more strongly complete decay in the NH; see, e.g.,
Refs [24,26] for projections using the planned IceCube-
Gen2 [95].
Progress should move on three fronts. First, more

statistics, gathered either by IceCube or future detectors
[95–98], will reduce mainly the height of the contours.
Second, detection of events at a few PeV may reveal flavor-
specific signatures. The observation of double bangs [86]
(or, at lower energies, double pulses [99]) is desirable
because it would clearly identify ντ, but it is not essential to
test decay. It would mainly help shape the region of
standard allowed flavor ratios (“no decay” in Fig. 6); see
Fig. 2 in Ref. [26]. Because this region is roughly aligned
with lines of constant fτ;⊕, improvement would be slight,
unless extreme values of fτ;⊕ are measured or high
precision is achieved [85]. On the other hand, the obser-
vation of the Glashow resonance [93], above ∼5 PeV,
would clearly identify ν̄e and constitutes a strong test of
decay in the IH, as we show in Sec. VI B. Third, breaking
the degeneracy between νe- and ντ-initiated showers could
reduce the width of the IceCube contours appreciably.
A large improvement in the precision of νe and ντ flavor
ratios could be achieved by detecting muon and neutron
echoes [85] from showers with energies between 25 TeV
and 1 PeV.

C. Need for a clean extragalactic sample

To generate the contours of flavor composition in
Figs. 2 and 6, IceCube used all available events with
energies between 10 TeVand 2 PeV [8]. However, if flavor
composition measurements are to be used to test decay,
they must not contain any contamination from nonextra-
galactic neutrinos.
For a lifetime of 10 s eV−1, there is no decay for

atmospheric or even Milky Way neutrinos, because the
distances are much less than the Gpc-scale range. Clearly, if
data have a large contamination of such neutrinos, lifetime
sensitivities derived from them will be incorrect.
Atmospheric contamination can be averted by restricting

the flavor analysis to events with high energies (e.g., above
60 TeV [7]). Galactic contamination [100–116] can be

averted by restricting the flavor analysis to events with high
Galactic latitudes. Events with lower energy and closer to
the Galactic plane should be either discarded or given a
reduced significance.
To obtain trustable lifetime limits, dedicated analyses

performed by experimental collaborations should imple-
ment these restrictions.

D. Summary

Even though neutrino energy can be reconstructed more
accurately with high-energy starting events than with
through-going tracks, IceCube has shown that both event
types can be combined to infer flavor ratios. Flavor
measurements, while unable to distinguish between show-
ers initiated by νe and ντ, are already precise enough to
disfavor a pure-ν1 composition, compatible with complete
decay in the NH. Since our proposed analysis hinges on
Gpc-scale distances to sources, it must avoid contamination
by neutrinos produced closer than that.

VI. ESTIMATING LIFETIME SENSITIVITIES

A. Decay with flavor ratios at present

Figure 2 shows that present IceCube flavor ratios [8]
seemingly already disfavor at ≳2σ complete decay in the
NH, i.e., fα;⊕ ¼ jUα1j2, for all values of the mixing
parameters within 3σ (assuming no local contamination).
Below, we use this observation to estimate the present
nominal sensitivity to the lifetimes of ν2 and ν3. We discuss
decay in the IH later.
Our nominal sensitivity is set by the values of τ2=m2 and

τ3=m3 for which fα;⊕ ¼ jUα1j2, regardless of uncertainties
in the mixing parameters and flavor ratios at the sources.
Since we look for complete decay, we assume, in practice,
equal lifetimes, i.e., τ2=m2 ¼ τ3=m3 ≡ τ=m; however, this
restriction is not essential. We proceed by generating
regions of allowed flavor ratios for different values of
D, using Eq. (A6), and scanning over all possible flavor
ratios at the sources and values of the mixing parameters
within their 3σ uncertainties.
Figure 6 shows the resulting regions. Decay is complete

enough for D≲ 0.01: the region of allowed flavor ratios is
fully contained within the flavor-content region of pure ν1.
Therefore, D≲ 0.01 is disfavored at ≳2σ. Figure 4 shows
that, at energies of ∼1 PeV, D ¼ 0.01 corresponds to a
lifetime of ∼10 s eV−1. Thus, the nominal IceCube limit
achieved with flavor ratios is, roughly,

τ2=m2; τ3=m3 ≳ 10 s eV−1ð≳2σ;NHÞ: ð4Þ

This sensitivity is independent of flavor ratios at the sources
and 3σ uncertainties in mixing parameters. The left panel of
Fig. 1 shows this is an improvement of 104 and 1011 over
existing limits.
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Neutrino Decay: Inverted Hierarchy

one Glashow event (for g=2.5)

IH is not disfavored yet by the flavor information 

Under complete decay in the IH, the integrated shower
rate is depleted by a factor of jUe3j2=ð1=3Þ ≈ 0.1. The
average shower rate becomes small: for γ ¼ 2.50, the rate is
less than 0.2 events in five years, so the probability of

observing one or more events is ∼16%; for γ ¼ 2.13, the
rate is roughly twice that, so the probability is ∼31%. This
makes the prediction of small shower rates under complete
decay in the IH relatively robust.

FIG. 7. Shower spectrum at IceCube, assuming five years of exposure. The detector energy resolution is set to δEsh=Esh ¼ 0.1 [126].
Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. Contributions of ντ-initiated showers are not
added. See text for details.

FIG. 8. Number of showers in IceCube in the range 5–8 PeV, as a function of the common lifetime of the two heavier mass eigenstates,
assuming five years of exposure. Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. The
probability Pn≥1 of detecting one or more events under complete decay in the IH is only ∼16% (left) or ∼31% (right). Therefore, if even
a single event is detected in the energy range of the Glashow resonance, that will disfavor complete decay in the IH. With higher
statistics, the significance will increase rapidly. See text for details.
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Energy spectra at the source(s) are known.
Flavor ratios at the sources(s) are known.

(3) Detection aspects:
Energy is measured well for each neutrino.
Flavor is measured well for each neutrino.
Negligible contribution from background events.

At present, none of these conditions are fully met. Despite
this, we show that interesting sensitivity, robust against
uncertainties, can be obtained with IceCube in the near
term. We focus on methods and order-of-magnitude esti-
mates, leaving details to experimental studies.
The prospects for testing neutrino decay with

high-energy neutrinos have been studied earlier, in
Refs. [12,15–26]. Our paper is the first to comprehensively
consider the obstacles to using the present IceCube data
for this purpose, as well as methods to evade all of these
obstacles. The recent analysis of Ref. [23] tested decay by
using the highest-energy IceCube events to derive a
quantity related to flavor composition. In contrast, we
use the flavor-composition results that are provided by the
IceCube Collaboration [8], derived by combining several
data sets, including the highest-energy one, and by taking
into account detection aspects unavailable outside the
Collaboration. Further, we show in detail how interesting
sensitivity can be obtained for either neutrino mass hier-
archy, including a new point about how the Glashow
resonance can be exploited.
This paper is organized as follows. In Sec. II, we review

neutrino lifetime limits and sensitivities. In Secs. III, IV,

and V, we show that uncertainties in neutrino properties,
uncertainties in source properties, and detection aspects are
manageable. In Sec. VI, we estimate lifetime sensitivities
achievable by IceCube. In Sec. VII, we summarize and
conclude.

II. OVERVIEW OF NEUTRINO LIFETIME
LIMITS AND SENSITIVITIES

Figure 1 shows present limits and future sensitivities on
lifetimes and masses of mass eigenstates νi (i ¼ 1, 2, 3).
[Here and below, νi stands for νi þ ν̄i and να stands for
να þ ν̄α (α ¼ e, μ, τ), unless otherwise indicated.] Since the
neutrino mass hierarchy is unknown, we consider the two
possibilities. In the normal hierarchy (NH), ν2 and ν3 are
unstable and heavier than ν1, which is stable. In the inverted
hierarchy (IH), ν1 and ν2 are unstable and heavier than ν3,
which is stable. (We assume only three active neutrinos—νe,
νμ, ντ, or ν1, ν2, ν3—and no mixing with sterile neutrinos
[27–30].)
The allowed mass range is strikingly narrow. Lower

limits come from the squared-mass differences Δm2
ij ≡

m2
i −m2

j measured in neutrino oscillation experiments [31].
Upper limits come from cosmological constraints on
the sum of masses [32]. We have conservatively
assumed

P
imi ≲ 0.3 eV. Recent work [33] claimsP

imi ≲ 0.12 eV—and the bounds are expected to con-
tinue improving—which would result in even narrower
allowed mass ranges. In these plots, we considered m1 ¼ 0

FIG. 1. Constraints on neutrino masses and lifetimes, as labeled and discussed in the text, with hatched gray disallowed, hatched white
allowed only for some eigenstates, and unhatched white allowed for all. Solid lines are lower limits. The thick red dashed lines indicate
the sensitivity estimates of this paper. Left: Normal hierarchy. Right: Inverted hierarchy.
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By itself, the nondetection of high-energy showers in
five years cannot be unequivocally attributed to complete
decay in the IH; this could be equally due to a cutoff below
the Glashow resonance energy [8], neutrino production via
pγ, or decay.
However, the detection of one event would disfavor

complete decay in the IH and, therefore, could be used
to set lifetime limits. This corresponds to a nominal
sensitivity of

τ1=m1; τ2=m2 ≳ 10 s eV −1 ð∼2σ; IHÞ; ð5Þ

for γ ¼ 2.50 (∼1σ for γ ¼ 2.13). The right panel of Fig. 1
shows this is an improvement of 104 over existing limits.
The significance we quote is that of the low event rate at
complete decay fluctuating up to yield one event in five
years. While the significance is lower for γ ¼ 2.13, this is
offset by a higher expected number of events.
When the statistics get higher, say, with IceCube-Gen2,

the details of the argument would change, but would still
rely on the dominance of the Glashow resonance over the
underlying continuum. Detection of two events would rule
out complete decay in the IH at ∼5σ (∼3σ for γ ¼ 2.13).
IceCube-Gen2 might have an effective area 6 times larger
[95]; for the same exposure time, and depending on the
spectral index, this would lead to ∼9–17 events without
decay, versus ∼1–2 events at complete decay in the IH,
providing a clearer signal at ≳5σ.
With more statistics, combining flavor ratios and spectral

information could yield stronger limits and reveal the
transition to complete decay. By doing this, the authors
of Ref. [26] estimated that IceCube-Gen2 could reach
τ=m≳ 500 s eV−1 in ten years, depending on the spectral
index.

VII. SUMMARY AND CONCLUSIONS

We have shown that the diffuse flux of high-energy
astrophysical neutrinos recently discovered by IceCube can
be used to robustly test decay. Improved limits on neutrino
masses have opened up the possibility of a hierarchical
mass scheme, allowing for a more model-independent
exploration of decay. We have shown that, in spite of
uncertainties in neutrino properties, source properties, and
detection aspects, clear tests of decay are possible.
We have provided a road map for how dedicated decay

analyses should be performed. For illustration, we have
estimated the order-of-magnitude sensitivity of IceCube
to neutrino lifetime, using present data and near-future
prospects.
First, we have used the flavor composition at Earth of

the diffuse flux. In the extreme case of complete decay,
all unstable neutrino mass eigenstates decay en route,
so the flavor composition of the flux is that of the single
remaining, lightest eigenstate, which we assume to be
stable. In the NH, this is ν1; in the IH, it is ν3. We have

shown that present flavor measurements by IceCube
seemingly disfavor complete decay in the NH at ≳2σ,
regardless of flavor composition at the sources and values
of mixing parameters. This translates into a sensitivity to
the lifetimes of ν2 and ν3 of τ=m≳ 10 s eV−1, an improve-
ment of 104 and 1011, respectively, over existing limits.
Second, we have used the potential near-future detection

of high-energy (5–8 PeV) showers in IceCube to probe
complete decay in the IH. Without decay, the shower rate is
enhanced by the Glashow resonance, centered at 6.3 PeV.
In contrast, complete decay would make the rate small.
Therefore, the observation of even a single shower in five
years would set a lower limit on the lifetimes of ν1 and ν2
of 10 s eV−1, also at ≳2σ (for a spectral index of 2.50),
an improvement of 104. With higher statistics, collected
either with IceCube or IceCube-Gen2, the significance will
increase rapidly.
The observability of decay hinges on the Gpc-scale

distances to sources. To reduce contamination from neu-
trinos produced too close, we advocate performing dedi-
cated analyses that disfavor any possible events from the
atmosphere or the MilkyWay. With more statistics, reduced
neutrino and source uncertainties, and improved detection
techniques, the sensitivity could be greatly improved.
The new mediator driving neutrino decay could also

induce new neutrino-neutrino interactions, which could
affect early cosmic history. Further, IceCube could see the
effects of interactions between PeV neutrinos and the
cosmological neutrino background as distortions of
the power-law spectrum (see, e.g., Refs. [127–129]).
The nondetection of these features (so far) puts bounds
on the new couplings. Assuming this mediator is the same
one that drives neutrino decay, then these bounds would
also be bounds on the neutrino lifetime. However, explor-
ing these effects lies beyond the scope of this paper.
If decay is ruled out with astrophysical neutrinos, then

searches for new physics with solar, atmospheric, and
terrestrial neutrinos will have to be more focused, having
fewer possibilities to explain any deviations from standard
expectations. Conversely, if hints of decay are found, that
would be important to take into account for cosmological
tests of neutrino mass.
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Under complete decay in the IH, the integrated shower
rate is depleted by a factor of jUe3j2=ð1=3Þ ≈ 0.1. The
average shower rate becomes small: for γ ¼ 2.50, the rate is
less than 0.2 events in five years, so the probability of

observing one or more events is ∼16%; for γ ¼ 2.13, the
rate is roughly twice that, so the probability is ∼31%. This
makes the prediction of small shower rates under complete
decay in the IH relatively robust.

FIG. 7. Shower spectrum at IceCube, assuming five years of exposure. The detector energy resolution is set to δEsh=Esh ¼ 0.1 [126].
Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. Contributions of ντ-initiated showers are not
added. See text for details.

FIG. 8. Number of showers in IceCube in the range 5–8 PeV, as a function of the common lifetime of the two heavier mass eigenstates,
assuming five years of exposure. Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. The
probability Pn≥1 of detecting one or more events under complete decay in the IH is only ∼16% (left) or ∼31% (right). Therefore, if even
a single event is detected in the energy range of the Glashow resonance, that will disfavor complete decay in the IH. With higher
statistics, the significance will increase rapidly. See text for details.
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Glashow resonance
at 6.3 PeV
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in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

An analysis closely related to ours was presented in [21, 22], which studied the e↵ect of light
scalar exchange on the energy spectrum of ⇠10 MeV neutrinos from core-collapse supernovae.
E↵ects due to vector boson exchange on the neutrino flux at high energy neutrino telescopes
were considered in [23, 24]. More recently, Refs. [25, 26] presented IceCube constraints on
neutrino interactions through a light mediator. In contrast to these works, we explore a concrete
model with a well defined relation to the neutrino mass mechanism. This allows us to (i) analyze
neutrino flavor e↵ects, highlighting the interplay between the rich phenomenology of a three-flavor
detection at IceCube to the flavor structure governing neutrino oscillations; and (ii) contrast our
model with concrete experimental constraints.

Many constraints on neutrino self-interactions were derived in the literature based on labora-
tory, astrophysical and cosmological data. We recalculate the most relevant constraints and refer
to the corresponding literature in the body of the paper.

The paper is organized as follows. In Sec. II we write an e↵ective Lagrangian for neutrino
masses including a light scalar �. We identify the parameter space that is relevant for high energy
neutrino astronomy, where high energy astrophysical neutrinos scatter on the ambient cosmic
neutrino background (C⌫B) through resonant � particle exchange. We then propose a simple
model that realizes this parameter space using heavy Dirac sterile neutrinos and explicit breaking
of lepton number mediated to the SM through the interactions of �. In Sec. III we calculate
the e↵ects of the neutrino interactions on the spectrum and flavor composition observable at
neutrino telescopes. We highlight the relation between the spectral and flavor distortions to the
details of the neutrino mass mechanism. We assess the prospects for detection by calculating
neutrino event rates in the IceCube detector, considering both showers and tracks. In Sec. IV we
summarize our results. In App. A we collect formulae for neutrino self-interactions. In App. B
we summarize observational constraints including meson decay, neutrinoless double-beta decay,
electroweak precision tests, lepton flavor violation, as well as astrophysical and cosmological
constraints.

II. LOW-SCALE NEUTRINO MASSES WITH NEUTRINO SELF-INTERACTIONS

Consider the low energy e↵ective Lagrangian describing neutrino mass generation

L = � g

⇤2

�(HL)2 + cc, (1)

where ⇤ is a large mass scale, g is a dimensionless coupling (matrix in lepton flavor), and � is a
SM-singlet complex scalar. We work in Unitary gauge, where electroweak symmetry breaking is
described by H = 1p

2

(0 v + h)T with v = 246 GeV. L = (⌫ l�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = HT i�2L.
Lepton number violation is mediated to the SM through a vacuum expectation value for �,

� = �+ µ (2)

with h�i = µ. In the neutrino mass basis we have

L = �1

2

X

i

(m
⌫i + G

i

�) ⌫
i

⌫
i

+ cc+ ..., (3)
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with

m
⌫i =

g
i

µv2

⇤2

, g = diag(g
1

, g
2

, g
3

), G
i

=
m

⌫i

µ
=

g
i

v2

⇤2

(4)

and where the ... in Eq. (3) stand for Higgs interactions that we do not discuss here. For later
convenience we define

G ⌘
X

i

G
i

=

P

i

m
⌫i

µ
. (5)

Focusing our attention to the phenomenology at neutrino telescopes, we show later on in
Sec. III A that a sizable modification to the neutrino flux observed at earth occurs if

G & 10�3

⇣ m
�

10 MeV

⌘

, or equivalently ⇤ . 8 TeV ⇥
⇣ m

�

10 MeV

⌘� 1
2
g

1
2 . (6)

The main observable e↵ect is the scattering of high energy neutrinos on C⌫B through resonant
� exchange, with resonance energy

✏
res

=
m2

�

2m
⌫

= 1 PeV
⇣ m

�

10 MeV

⌘

2

⇣ m
⌫

0.05 eV

⌘�1

. (7)

For the scattering to be identifiable in a neutrino telescope of the scale size of IceCube, the
resonance energy should fall in the range between a few TeV to a few PeV, where the atmospheric
background becomes manageable but the statistics is still large enough for a reasonable exposure
time. Note that the scattering e↵ect persists somewhat below ✏

res

, since the resonance energy
of neutrinos from high-redshift sources is lower by 1 + z as seen at the Earth. Non-resonant
interactions can in principle be important for large values of G [25, 26], but we show that such
large values are excluded in our model by various experiments.

There are then two basic requirements on the new physics leading to Eq. (1):

1. Requiring ✏
res

⇠TeV-PeV and using Eq. (6), we find that the new physics scale needs to
be quite close to the electroweak scale, ⇤ = O (10 TeV).

2. Eq. (6) implies

µ .
⇣ m

�

10 MeV

⌘�1

✓

P

i

m
⌫i

0.1 eV

◆

100 eV. (8)

We thus need to explain a large gap between the scalar mass and its Vacuum Expectation
Value (VEV): m

�

� h�i = µ. Explaining such a gap would be di�cult if lepton number
was broken spontaneously by �. The lesson we take from this constraint is that lepton
number violation should be explicit in the � sector.

Considering e↵ects in neutrino telescopes, then, the relevant parameter space is well defined. We
illustrate this parameter space in Fig. 1.

Eq. (1) is subject to various experimental constraints. In App. B we review the most relevant
processes, summarized as follows:

• If � is lighter than about 2 MeV, then the non-observation of neutrinoless double-beta decay
involving the emission of a light degree of freedom imply G . 10�5. The number 2 MeV
corresponds to the available phase space for the reaction (A,Z) ! (A,Z + 2) + 2e� + �.
This lower limit on m

�

is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.

ex. interaction w. “sterile” neutrinos
- mn is replaced with ms
- limits are weaker due to sin qs

ex. gauged Lm-Lt model



Effects on Cosmic Neutrino Spectra
 Cascade

X

C B

Scattering
Annihilation

Decay

cascade

attenuation
(ex. for sterile)

Blum. Hook & KM 14 

Ioka & KM 14

18

105 106 107 108
e

GeV

10-35

10-34

10-33

10-32

s
cm2

FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

The contribution of the s-channel diagrams above depends crucially on the decay width of the
exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,

�
�

=
m

�

32⇡

X

i

|G
i

|2 . (A6)

In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =

(s + ia)/
p
2 arise as �m2

�

= m2

s

� m2

a

= 2�
�

µ2 = 2��

G2 m2

⌫

. This splitting means that scalar
and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏

res,s

�
✏
res,a

)/✏
res

= �m2

�

/m2

�

, where ✏
res

denotes the mean resonance energy. This should be compared
to the width of each resonance, caused by the decay width of the states, �✏

res

/✏
res

= �
�

/m
�

.
In the parameter space of interest to us (m

�

& MeV, G & 10�3) and for reasonable values of
�
�

. 0.1, we see that the mass splitting is smaller than the width of the states, and can be

ignored: (✏
res,s

� ✏
res,a

)/✏
res

= 2��

G2
m

2
⌫

m

2
�
⌧ �✏

res

/✏
res

⇠ G2

32⇡

.

Appendix B: Experimental constraints

Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m

�

⌧ m
K

as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m

�

< 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡+ ! e+⌫� opens the possibility for pion decay
into an electron with no helicity suppression [68, 69]. In the limit m

�

⌧ m
⇡

we find, in agreement

s,t,u

s
t
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FIG. 3. The cosmic neutrino fluxes calculated with the
Lµ − Lτ gauge interaction are compared with the three-
year IceCube data [3]. The model parameters are taken as
MZ′ = 11 MeV and gZ′ = 5 × 10−4. The lightest neutrino
mass is set to be m1 = 0.08 eV and the normal mass hierarchy
is chosen. The SFR is assumed as the redshift distribution of
the cosmic neutrino sources. The cutoff energy of the original
flux is placed at Ecut = 107 GeV. The three different values
of the spectral index sν are examined.

hierarchy with the lightest neutrino mass m1 = 0.08 eV4

and set the model parameters as MZ′ = 11 MeV and
gZ′ = 5 × 10−4. For the sources of cosmic neutrinos,
we assume the SFR, which is given in Eq. (10), as their
redshift distribution, and the cutoff energy Ecut, which
appears in Eq. (9), is taken as Ecut = 107 GeV. The
normalization factor Q0 is adjusted so that the magni-
tude of the calculated flux fits the observation. As can
be seen from the figure, the flux is significantly atten-
uated around 400 TeV − 1 PeV. With a spectrum in-
cluding the gap, one can expect a relatively good fit to
the observation, although the gap will be shallower than
the bottom of the calculated spectra once the curves are
averaged over each energy bin. Since the spectrum calcu-
lated with the inverted hierarchy is essentially the same
as the normal hierarchy shown at Fig. 3, we do not repeat
it.
Let us mention the possibility of simultaneous repro-

duction of the gap and the edge. In view of Refs. [10–12],
we here take lower values of sν and try to form the edge
at the upper end of the spectrum by means of the Lµ−Lτ

interaction, instead of setting the cutoff energy by hand.
Note that with an appropriate adjustment of the flux
normalization, lower values of the spectral index can still
give a good fit to the current observed spectrum [7–9].
According to Fig. 2, the mass of the lightest neutrino

4 This leads to
!

mν ≃ 0.25 eV, which is slightly higher than
the 95% C.L. from the combined analysis of cosmological obser-
vations [114]. However, once the cosmological model is extended
to include more parameters, the constraint is expected to be re-
laxed. For instance, simultaneous inclusion of Neff and

!
mν

leads to
!

mν < 0.28 eV [114].
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FIG. 4. The cosmic neutrino flux calculated with MZ′ = 9
MeV and gZ′ = 4×10−4. Here the normal hierarchy is chosen
and the lightest neutrino mass is set to be m1 = 6× 10−3 eV.
The spectral index is taken to be sν = 2.3 and 2.1.

should be smaller than 10−2 eV to split the resonance
energies and distribute them to the positions of the gap
and the edge. The mass of Z ′ should be smaller than
MZ′ ! 20 MeV to place the resonance energies at the
appropriate positions, cf. Eq. (2). In Fig. 4 (5), we set
the mass of Z ′ to 9 MeV, the coupling gZ′ to 4×10−4, and
the lightest neutrino mass m1 (m3) to 6× 10−3 eV with
the normal (inverted) hierarchy of neutrino mass. Here,
the cutoff energy is taken to be sufficiently high so that
the numerical results do not depend on the value. The
gap is successfully reproduced by the scattering with the
heaviest mass eigenestate of CνB. On the other hand,
the resonant scattering for the edge seems insufficient:
the flux is attenuated only between 3 and 7 PeV, which
may be too narrow (and also too shallow) to explain the
required property of the edge, although it is consistent
with the current data.

Lastly, we comment on the effect of the CνB momen-
tum. If the lightest neutrino mass is chosen to be as light
as the CνB temperature, the CνB momentum effect is
expected to become appreciable, which would make the
width of the edge wider. We will study this possibility in
the near future.

B. Source distributions

So far, we have adopted the SFR as the redshift dis-
tribution of cosmic neutrino sources in our calculations.
However, the source has not been specified yet, and some
of the astrophysical objects have been discussed as the
candidate [11–16]. In Fig. 6, we examine the distribution
of gamma-ray bursts (GRBs) [115],

WGRB(z) ∝

!

(1 + z)4.8 0 ≤ z < 1,

(1 + z)1.4 1 ≤ z ≤ 4.5
(16)
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[e.g., 31–33]. Since such self-interactions conserve the total energy, the neutrinos keep the energy
flux while reducing the typical energy. Thus, this scenario can naturally account for a possible “coin-
cidence problem”: why the observed neutrino flux is comparable to the Waxman–Bahcall bound [34]
or equivalently the cosmogenic neutrino flux at EeV energies produced by ultrahigh-energy cosmic-
ray (UHECR) protons [e.g., 35–37]. The lack of >2 PeV events indicates either a soft spectrum or
a break at several PeV [2,3], implying different processes at PeV and EeV energies. It is a coinci-
dence that two different processes separated by three orders of magnitude in energy give almost the
same flux.

We use (H0, !m, !") = (72 km s−1 Mpc−1, 0.27, 0.73) and c = ! = k = 1.

2. Neutrino–neutrino interactions beyond the Standard Model

We consider non-standard neutrino interactions between themselves, through scalar Lint = gi j ν̄iν jφ

or pseudoscalar bosons Lint = g′
i j ν̄iγ

5ν jφ as in Majoron-like models [38–41], or vector bosons
Lint = gi j ν̄iγ

µν j Xµ [18,23]. We assume that a boson has mass m X ∼ MeV–GeV, and does not
directly couple (or couples very weakly) to charged particles to evade experimental constraints. There
exist gauge-invariant models under electroweak SU (2) [42,43].

The cross section for scattering νν → νν is generally written as [e.g., 18,44]

σνν ≃ g4

16π

s

(m2
X − s)2 + m2

X(2
X

≃

⎧
⎪⎪⎨

⎪⎪⎩

1
16π

(g2/m2
X )2s, (s ≪ m2

X )

1
16π

g4/s, (s ≫ m2
X )

(1)

where
√

s is the center-of-mass energy and (X ≃ g2m X/4π is the decay width. In the low-energy
limit the interaction is described by the Fermi’s four-fermion theory, while in the high-energy limit the
boson mass is negligible. At a resonance s ≈ m2

X , we obtain σνν ∼ π/m2
X . For cosmological sources

at z, a δ-function approximation for the resonance gives σ eff
νν ∼ πg2/(4m2

X ) for
m2

X
(1+z)2mν

< εobs
ν <

m2
X

2mν
[44]. In addition, the annihilation νν → X X → νννν contributes σνν ∝ (g4/s) ln(s/m2

X ) for
s ≫ m2

X . We do not distinguish the types of bosons nor neutrino–antineutrino. Our discussion is
basically applicable if a single flavor or a single pair of flavors exchange energy, e.g., νeντ → νeντ ,
because of flavor mixing.

For high-energy neutrinos interacting with CνB, the cross section (1) may be regarded as a function
of the energy εν of the high-energy neutrinos by using the relation s ≃ 2mνεν , where we take a
neutrino mass mν ∼ 0.05 eV as a fiducial value. From neutrino oscillations, at least one flavor has
mass mν ! 0.05 eV and the other has mν ! 0.009 eV, while the cosmological observations limit
the sum of the masses as

∑
mν " 0.3 eV [e.g., 45]. Note that we should use Tν instead of mν if

mν is less than the CνB temperature Tν = (4/11)1/3Tγ ≃ 1.95 K = 1.68 × 10−4 eV. For different
masses m′

ν (or Tν), our results can be scaled by s → s(m′
ν/mν), g → g(m′

ν/mν)
1/4, and m X →

m X (m′
ν/mν)

1/2.
The high-energy neutrinos are attenuated if the mean free path λν = 1/nνσνν is smaller than the

distance to the source d, where nν = 1
2 × 3

11nγ ≃ 56 cm−3 is the current number density of CνB for
each type (ν or ν̄), neglecting neutrino asymmetry [46]. For extragalactic sources at a cosmological
distance d ∼ cH−1

0 , the attenuation condition is

σνν(εν) >
H0

cnν
∼ 1.4 × 10−30 cm2, (s ≃ 2mνεν). (2)
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FIG. 6: Here we show an example of the flavor distortions that can arise from pseudo-Dirac neutrinos with a mass-splitting:
�m2

k = 10�17 eV2, with k = 1 where we have assumed only one pseudo-Dirac neutrino split o↵ the ⌫1 state. The star-formation
rate is used as a redshift evolution of the sources.

Notice that Eq. (15) has two shortcomings: (1) it as-
sumes implicitly a static Universe, and (2) it assumes
a single source at a given distance from the observer.
The first point can be easily addressed by computing the
phase di↵erence in an expanding Universe. The proper
phase di↵erence is calculated as [90]

��j =
�m2

j

2E
DH

Z z

0

dz0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

(16)
with DH = H0/c the Hubble distance and ⌦m = 0.27
and ⌦⇤ = 0.73. Then, according to the second point,
one needs to consider a population of sources tracing a
known rate distribution such as the star-formation rate.
Then, the neutrino flavor ratios at the Earth becomes

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2

⌧
cos2

✓
��j

2

◆�
. (17)

The angled brackets in Eq. (17) denote energy average
over the resolution of the detector which is assumed to
follow a Gaussian energy distribution with resolution
�E = 0.15E. Then, we include the e↵ect of source dis-
tribution as in [90] and assume that they track the star-
formation rate [81, 82].

We display this behavior in Fig. 6. We see that as
in the neutrino decay case, there is su�ciently good
sensitivity to reconstruct some aspects of the energy-
dependence of the flavor ratios, though in this case
not quite as e�ciently as in the case of neutrino de-
cay. Moreover though flavor properties such as these
would indicate the presence of some new BSM physics in
the neutrino sector, distinguishing neutrino decay from
pseudo-Dirac neutrinos will be challenging. A more op-
timistic path for discrimination between BSM scenarios

will be o↵ered by a joint flavor and spectral analysis (see
Sec. V D).

C. Neutrino Self-Scattering

Lastly, we consider the e↵ect of neutrino self-
scattering [91, 92] on the Cosmic Neutrino Background
(C⌫B) en route between the astrophysical source and the
Earth. We assume that astrophysical neutrino source
produces only some combination of the active flavor ra-
tios, though the scattering partners in the C⌫B can be
either active or sterile neutrinos. The large number den-
sity of relic neutrinos in the C⌫B, ⇠ 100 cm�3, makes
sizable neutrino self-scattering a possibility if they in-
teract with new forces, sometimes called “secret inter-
actions” and applications to cosmic neutrinos have been
considered [93–95]. Soon after cosmic high-energy neu-
trinos were discovered by the IceCube Collaboration,
it was pointed out that the IceCube data can be used
as an unique probe of the secret interactions of neutri-
nos [24, 25], and some detailed models have been con-
structed [26–30, 96].

One of the simplest ways to achieve the requisite cross
sections for significant scattering is through the resonant
exchange of mediator particle. We will refer to this me-
diator simply as � though it could be a scalar [24, 25, 27]
or a vector [28, 97–99] boson. Note that in models with
direct couplings to active neutrinos, a number of labo-
ratory constraints exist [27, 98, 99]. These bounds are
considerably relaxed if the mediator only couples to ster-
ile neutrinos, since flavor transitions need to occur inside
the detector with large probability. To our knowledge
there is no detailed study of how the constraints change
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FIG. 5: Left panel: Here we display an illustrative example of incomplete neutrino decay in which ⌫1 and ⌫2 decay in the
IH. The source has been chosen to produce 1 : 2 : 0 flavor ratios. Right Panel: Here we show the projected IceCube-Gen2
sensitivity. We have imposed

P
i ↵i = 1, in the left panel, but note that neutrino decays induce an overall flux suppression on

low energies since it is only the ⌫3 state that exists at low energies whereas the other two are present for higher energies. In
this example we have fixed �1 = 102 s/eV. The star-formation rate is used as a redshift evolution of the sources.

IceCube sensitivity to neutrino decay is forthcoming [80].
Next, consider the case of an “incomplete decay” in

which only one mass eigenstate is present at the lowest
energies but the flux transitions to the original source
flavor ratios at higher energies. This most striking ex-
ample of this is a↵orded in inverted hierarchy (IH) where
only ⌫3 is stable. As displayed in Fig. 5, this depletes the
e-flavor content at low-energies while leveling out to the
standard (“undecayed”) flavor ratios at high energies.
Here we have taken ⌧1/m1 = 102 s/eV.

In order to empirically uncover the energy-dependent
flavor induced by neutrino decay, we consider a flavor fit
in two di↵erent energy bins: above 2 PeV and below 2
PeV. The result of these two fits is depicted in Fig. 5
where we demonstrate that an energy dependent flavor
determination is possible. We note that this example
may be in a mild (1�2)� tension with the current flavor
constraints from combined maximum likelihood analy-
sis of IceCube’s events [6]. In Sec. V D, we will show
that future neutrino detectors such as IceCube-Gen2 can
provide us with more stringent constraints on neutrino
decay through a joint flavor and spectral analysis.

B. Oscillating into New States: Pseudo-Dirac
Neutrinos

The nature of origin of neutrino masses remains poorly
understood, but many models predict the existence of
right-handed sterile neutrinos. These states have of
course been searched for in a number of realms. The
well-known seesaw mechanism predicts that these states

have very large Majorana masses that make them oth-
erwise hard to probe. By contrast in the pseudo-Dirac
scenario, the Majorana masses are small compared to
the Dirac scale, and the induced small mass-splittings
provides another mechanism which makes right-handed
neutrinos hidden from us. We here consider the e↵ect of
the pseudo-Dirac neutrinos [33, 34], in which there may
exist a tiny mass splitting between the active and sterile
neutrinos. Applications to astrophysical neutrinos have
been considered in Refs. [13, 88] (see also Ref. [89]) be-
fore high-energy cosmic neutrinos discovered.

These small mass splittings only gives rise to oscilla-
tions to the sterile state on very large distance scales,
since the oscillation length is

Losc = 80 Mpc

✓
E

1 PeV

◆  
10�15 eV2

�m2
j

!
, (14)

where �m2
j is the mass-splitting with the jth active neu-

trino mass eigenstate.
In this case, the neutrino flavor ratios at the Earth can

be very di↵erent and depend sensitively on the energy:

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2 cos2

✓
�m2

kL

4E

◆
. (15)

In the above L is the distance between the source and
the Earth. Notice that one recovers the pure Dirac result
in the vanishing �m2

k limit. These new mass splittings
could be o↵ of only one of the active neutrinos or o↵ all of
them. The mass splittings with ⌫1 has the largest e↵ect
though, as it induces a large e↵ect on the electron-flavor
component.
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FIG. 6: Here we show an example of the flavor distortions that can arise from pseudo-Dirac neutrinos with a mass-splitting:
�m2

k = 10�17 eV2, with k = 1 where we have assumed only one pseudo-Dirac neutrino split o↵ the ⌫1 state. The star-formation
rate is used as a redshift evolution of the sources.

Notice that Eq. (15) has two shortcomings: (1) it as-
sumes implicitly a static Universe, and (2) it assumes
a single source at a given distance from the observer.
The first point can be easily addressed by computing the
phase di↵erence in an expanding Universe. The proper
phase di↵erence is calculated as [90]

��j =
�m2

j

2E
DH

Z z

0

dz0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

(16)
with DH = H0/c the Hubble distance and ⌦m = 0.27
and ⌦⇤ = 0.73. Then, according to the second point,
one needs to consider a population of sources tracing a
known rate distribution such as the star-formation rate.
Then, the neutrino flavor ratios at the Earth becomes

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2

⌧
cos2

✓
��j

2

◆�
. (17)

The angled brackets in Eq. (17) denote energy average
over the resolution of the detector which is assumed to
follow a Gaussian energy distribution with resolution
�E = 0.15E. Then, we include the e↵ect of source dis-
tribution as in [90] and assume that they track the star-
formation rate [81, 82].

We display this behavior in Fig. 6. We see that as
in the neutrino decay case, there is su�ciently good
sensitivity to reconstruct some aspects of the energy-
dependence of the flavor ratios, though in this case
not quite as e�ciently as in the case of neutrino de-
cay. Moreover though flavor properties such as these
would indicate the presence of some new BSM physics in
the neutrino sector, distinguishing neutrino decay from
pseudo-Dirac neutrinos will be challenging. A more op-
timistic path for discrimination between BSM scenarios

will be o↵ered by a joint flavor and spectral analysis (see
Sec. V D).

C. Neutrino Self-Scattering

Lastly, we consider the e↵ect of neutrino self-
scattering [91, 92] on the Cosmic Neutrino Background
(C⌫B) en route between the astrophysical source and the
Earth. We assume that astrophysical neutrino source
produces only some combination of the active flavor ra-
tios, though the scattering partners in the C⌫B can be
either active or sterile neutrinos. The large number den-
sity of relic neutrinos in the C⌫B, ⇠ 100 cm�3, makes
sizable neutrino self-scattering a possibility if they in-
teract with new forces, sometimes called “secret inter-
actions” and applications to cosmic neutrinos have been
considered [93–95]. Soon after cosmic high-energy neu-
trinos were discovered by the IceCube Collaboration,
it was pointed out that the IceCube data can be used
as an unique probe of the secret interactions of neutri-
nos [24, 25], and some detailed models have been con-
structed [26–30, 96].

One of the simplest ways to achieve the requisite cross
sections for significant scattering is through the resonant
exchange of mediator particle. We will refer to this me-
diator simply as � though it could be a scalar [24, 25, 27]
or a vector [28, 97–99] boson. Note that in models with
direct couplings to active neutrinos, a number of labo-
ratory constraints exist [27, 98, 99]. These bounds are
considerably relaxed if the mediator only couples to ster-
ile neutrinos, since flavor transitions need to occur inside
the detector with large probability. To our knowledge
there is no detailed study of how the constraints change
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