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Multi-Messenger Cosmic Particle Backgrounds

Energy budgets are all comparable (a few x 1043 erg Mpc-3 yr-1)

gamma neutrino UHECR

non-blazar



spp~1/mp
2~30 mb

Δ-resonance
(+ direct ch.)
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roughly energy-independent
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Astrophysical Extragalactic Scenarios
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Cosmic-ray Accelerators
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

En ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy  
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core-collapse of 
massive stars

high star-formation 
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>TeV g rays interact with CMB & extragalactic background light (EBL)

Fate of High-Energy Gamma Rays
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γ +γCMB/EBL → e+ + e−
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π 0 → γ +γ

ex. lgg(TeV) ~ 300 Mpc
lgg(PeV) ~ 10 kpc ~ distance to Gal. Center
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detectors
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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.
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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
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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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Neutrino-Gamma Connection?

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

• sn<2.1-2.2 (for extragal.); insensitive to evolution & EBL models
• contribution to diffuse sub-TeV g: >30%(SFR evol.)-40% (no evol.)
• sn<2.0 for nearly isotropic Galactic emission (e.g., Galactic halo) 
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Cosmic-Ray Reservoirs
Galaxy clusters/groupsStarburst galaxies

CR confinement 

target gas

magnetized region w. CR sources
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• Intracluster gas density (known)
n~10-4 cm-3, a fewx10-2 cm-3 (center)

• CR accelerators
active galactic nuclei
accretion shocks (massive clusters)
galaxy/cluster mergers

Example: Galaxy Groups and Clusters

cluster luminosity density

pp efficiency
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[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).
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fpp ≈ κpσppnctint ≃ 0.76× 10−2 gn̄
−4(tint/2 Gyr)

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

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

−3.5E
1/3
ej,51V

1/3
ej,9 n

−1/3

tpp = tdiff

εbp ≈ 21 PeV D−3
0,26Σ

3
g,−1(h/kpc)

3

tadv = tdiff

εbp ≈ 15 PeV D−3
0,26V

3
w,7.5(h/kpc)

3

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

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

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

AGN jet luminosity density

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

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

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

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

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

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

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

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

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

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

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

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

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

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

B. Star-forming galaxies

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

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

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

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

1=3
ej;9n

%1=3, where Eej

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

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

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

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

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

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

w;7:5.

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

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

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

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

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

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

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

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

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

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

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

IV. SUMMARYAND DISCUSSION

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

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

models. For example, if the INB is explained by hypernovae
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

et al. 2006), we obtain

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

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

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

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

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

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

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

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

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

of massive CGs and is a correction factor for the sourcefz

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

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

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

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

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

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

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

KM, Inoue & Nagataki 08

3

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

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

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

= Φνµ
= Φντ

= Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather
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Neutrino-Gamma-UHECR Connection?

• Explain n data by confined CRs with energies less than a few PeV
• Escaping CRs may contribute to the observed UHECR flux

Grand-unification of neutrinos, gamma rays & UHECRs

• AGN as “UHECR” accelerators
• CR nuclei: harder than CR protons

due to photodisintegration inside clusters

Fang & KM 18 Nature Physics



Astrophysical Extragalactic Scenarios
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Basics of n and g-ray Emission

€ 

p + γ → n + π + κ p ~ 0.2

€ 

p + γ → N π ± + X κ p ~ (0.4 − 0.7)

εp

CR Spectrum (Fermi mechanism)
Key parameter

CR loading

1018.5eV 1020.5eV

εγ

Photon Spectrum (observed)

εγ,pk~300 keV εmax

Photomeson production efficiency
~ effective optical depth for pγ process
fpγ ~ 0.2 nγσpγ (r/Γ) ∝ r-1 G-2

∝ G-4 dt-1 (if r ~ G2 dt)

“box” approximation

at Δ-resonance (εp εγ ~ 0.3 Γ2 GeV2)
εp

b~ 0.15 GeV mpc2 Γ2/εγ,pk ~ 50 PeV

εp
2N(εp)

2-α~1.0

2-β~-02-p~0

~ΓGeV

εγ
2N(εγ)

EHECR≡εp
2N(εp) 

~εγ,pk
2N(εγ,pk)

multi-pion production

Photomeson Production

(in proton rest frame)

total ECR~20EHECR



pion energy επ~ 0.2 εp
break energy επ

b~ 0.07 GeV2 Γ2/εγ,pk ~ 10 PeV

επ

Meson Spectrum

επｂ επsyn

β-1~1

α-1~0
επ

2N(επ)

Neutrino Spectrum

ενb

β-1~1

α-1~0
εν

2N(εν)
π ± → µ± +νµ (νµ )

µ± → e± + νe (νe )+νµ (νµ )

HE charged mesons
(meson cooling time) < (meson life time)
→ suppression at high energies

~fpγEHECR

α-3~-2.0

ενπsyn

εν

α-3~-2.0

neutrino energy εν ~ 0.25 επ ~ 0.05 εp
•ν lower break energy εν

b ~ 2.5 PeV
•ν higher break energy εν

πsyn ~ 25 PeV

π 0 → γ +γ

Gamma-Ray Spectrum

εgb

β-1~1

α-1~0
εg2N(εg)

εgmax

εg

g-ray energy εg ~ 0.5 επ ~ 0.1 εp
•γ lower break energy εgb ~ 5 PeV
•γ maximum energy εgmax ~ 0.1 εp

max

Waxman & Bahcall, PRL (1997)



HE Neutrinos from GRBs: Constraints

IceCube 2017 ApJ

Standard jet models as the dominant 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)
- Low-luminosity GRBs and supernovae are allowed

Classical GRBs (prompt)
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Bustamante, Baerwald, KM, & Winter 15 Nature Comm.
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Figure 8. Excluded regions for a given CL of the generic
double broken power law neutrino spectrum as a function of
first break energy Áb and per-flavor quasi-di�use flux normal-
ization �0 derived from the presented results combined with
previous Northern Hemisphere track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches. Models
of neutrino production assuming GRBs are the sole source of
the measured UHECR flux either by neutron escape (Ahlers
et al. 2011) or proton escape (Waxman & Bahcall 1997) from
the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted
per-flavor quasi-di�use flux of numerical neutrino production
models (dashed lines) for benchmark parameters fp = 10
and � = 300 over the expected central 90% central energy
containment interval of detected neutrinos for these models,
combining the presented analysis with the previously pub-
lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches.

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

These limits are extended to arbitrary values for fb

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

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

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.
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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
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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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Gravitational waves open new window on the universe
ASTROPHYSICS One hundred 
years after Albert Einstein 
published his theory of general 
relativity, gravitational waves 
from the merger of a binary black 
hole system were detected by the 
Advanced LIGO (Laser Inter-
ferometer Gravitational-Wave 
Observatory) twin instruments 
in Hanford, Washington and Liv-
ingston, Louisiana, USA. In about 
a fifth of a second, the collision 
released 50 times more energy 
than all the stars in the observ-
able universe.

The signal detected on 14 Sep-
tember 2015 is estimated to have 
come from the merger of black 
holes of 36 and 29 solar masses to 
form a 62 solar mass black hole at 
a redshift of 0.09. 

UK LIGO researchers are based 
at the universities of Glasgow and 

Birmingham. Alberto Vecchio of 
the University of Birmingham, 
speaking at the RAS Ordinary 
Meeting in February, highlighted 
the importance of the recent 
upgrade to Advanced LIGO in 
the detection of this event, and 
future detection.

The possibility of combining 
gravitational wave astronomy 

with traditional, electromagnetic 
wave data, depends on locating 
the sources of the waves. LIGO 
currently uses two interferom-
eters in the USA. The limits it can 
put on the location of sources 
depends on the separation of the 
detectors; locating a third inter-
ferometer, initially planned for 
the Hanford site, in India, would 

mean that many LIGO sources 
could be located within a few 
square degrees by gravitational 
waves data alone. 

LIGO is not alone in looking 
for gravitational waves. The LISA 
Pathfinder mission started sci-
ence operations on 8 March, test-
ing technology for a space-based 
interferometer. The LIGO scien-
tific collaboration also includes 
the GEO600 interferometer. 
And researchers from the North 
American Nanohertz Observa-
tory for Gravitational Waves 
(NANOGrav) have proposed 
using pulsars to detect gravi-
tational waves. This proposal 
would detect the change in the 
position of the Earth with respect 
to a range of pulsar positions to 
detect gravitational waves. 
https://www.ligo.caltech.edu/detection

21 Women: portraits to celebrate a centenary
RAS As part of the cel-
ebrations of 100 years 
since the first women 
became Fellows of 
the RAS, the Society 
has commissioned 

portrait photographs 
of 21 women Fellows, 

illustrating the range of 
interests and careers now 

enjoyed by female scientists 
in astronomy and geophysics, at dif-
ferent stages of their varied careers. 
All the portraits are on display in 
Burlington House and you can see 
them in a slideshow available on 
the web:
http://women.ras.ac.uk

Be part of Royal Museums Greenwich
EVENTS Royal Museums Green-
wich is inviting new supporters 
to join its prestigious Patrons’ 
programme. Through their 
support, Patrons enable the 
museums to do more, and they 
enjoy a close relationship with 
the organization, which brings 
together the Royal Observa-
tory, Greenwich, the National 
Maritime Museum, the Queen’s 
House and the Cutty Sark.

A dedicated events pro-
gramme offers Patrons behind-
the-scenes tours of collection 
stores and workshops, opportu-
nities to meet astronomers and 

curators, and advance previews 
of upcoming exhibitions and 
special projects.

In the coming year, Patrons 
can take a first look at the annual 
Insight Astronomy Photographer of 
the Year exhibition guided by the 
judges, attend a special observ-
ing night using the 28-inch Great 
Equatorial Telescope and hear 
from one of the Royal Observa-
tory astronomers about the his-
tory of transit observations.

For more information, contact 
Katie Taylor at ktaylor@rmg.co.uk 
or on 020 8312 8629, or see:
http://bit.ly/1nwFvdC

Multimessenger approach poses 
questions for cosmic neutrinos
HIGH ENERGY The IceCube Neu-
trino Observatory in Antarctica 
has detected high-energy cosmic 
neutrinos, but the corresponding 
high-energy gamma-rays from 
their source regions have not 
been found by the Fermi Gamma-
ray Space Observatory. 

The high-energy cosmic neu-
trinos are believed to originate 
in supermassive black holes 
and some gamma-ray bursts. 
These processes should produce 
gamma-rays detectable by Fermi. 
Looking at both detectors – a 

multimessenger approach – indi-
cates that there is some unknown 
“hidden accelerator” process pro-
ducing neutrinos without gamma 
radiation, or something in the 
source is absorbing gamma-rays. 
“We found that that the suppres-
sion of high-energy gamma-rays 
should naturally occur when neu-
trinos are produced via proton–
photon interactions,” said Kohta 
Murase of Penn State University, 
lead author of the paper in Physi-
cal Review Letters.
http://bit.ly/1Szr2eT

Artist’s impression of two black holes merging. (Simulating eXtreme Spacetimes)

From left to right: Dr Jen Gupta is an astrophysicist and science communicator at the Institute of Cosmology and Gravitation 
at the University of Portsmouth. Prof. Kathy Whaler was the first female geophysics professor in the UK and is at the University 
of Edinburgh. Prof. Emma Bunce is professor of planetary plasma physics at the University of Leicester. (Maria Platt-Evans)
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High-energy neutrinos come from g-ray dark sources?
Unexpected but in pg scenarios g rays are naturally masked by the gg process



Transients?



Real-Time Neutrino Alerts

IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o
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DO NOT miss interesting n & GW events!
Astrophysical Multimessenger Observatory Network (AMON)
- pipelines to send “public” alerts
- n-g subthreshold events (in near future)



Neutrino Transient Sources?

AGN jet/blazar flares

Remember: UHECR accelerators may be transients
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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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GW170817: supporting the NS merger origin of short GRBs 

Neutrinos Coinciding w. Gravitational Waves?

• GW170817: off-axis (~30 deg): the models are still consistent
• On-axis events coinciding w. GW signals could be seen

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

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

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

2.2. IceCube

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

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

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

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

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

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

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

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

2.3. Pierre Auger Observatory

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

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

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

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

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

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

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

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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theoretical models
short GRB jets (Kimura, KM, Meszaros & Kiuchi 17)
magnetar in the ejecta (Fang & Metzger 17)

(see also KM, Zhang & Meszaros 09)

ANTARES, IceCube, Auger, & LIGO-Virgo ApJL 17
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

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

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

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

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

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

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

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

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

Association between 2 PeV event and 
FSRQ PKS B-1424-418 (z=1.522)
Low significance (~2s)

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

rays, including the watershed discoveries of antimatter, the pion, the muon, the kaon, and
several other particles. In this article, we have both reviewed the nascent field of cosmic
neutrino astronomy and considered some of the potential ways CR science will once again
point the way in the quest to understand Nature at its most fundamental.
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big bird (2 PeV)

Kadler+ 15
Nature Phys.

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

Dermer KM Inoue 14

neutrino flares: even brighter
fpg∝ Lg
Lcr∝ Lg

Ln∝ Lg
2



IceCube 170922A & TXS 0506+056

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

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

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

image

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

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

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

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

IceCube 2018 Science 



Our Observations of TXS 0506+056
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TXS 0506+056 SED Modeling: Hadronic

Keivani, KM, Petropoulou, Fox et al. 2018 • Swift-UVOT/X-
SHOOTER, Swift-
XRT/NuSTAR, and 
Fermi-LAT data

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

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

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

• IC-170922A event 
CANNOT be explained 

“cascade”

n
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TXS 0506+056 SED Modeling: Leptonic
• Swift-UVOT/X-

SHOOTER, Swift-
XRT/NuSTAR, and 
Fermi-LAT data

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

• Leptonic scenario
g = external IC emission

• Upper limits on n & CR
Fn < (1-2)x10-12 erg/cm2/s 
Pp < 1045 erg/s

• <Nn>~0.01-0.03 
for a duration of T=107 s
~< 1-3 % to see 1 event

“two hump”

n

Keivani, KM, Petropoulou, Fox et al. 2018 



2014-2015 Neutrino Flare
IceCube 2018 Science 



Observations of TXS 0506+056
Archival SED

X-ray flux ~ 10-12 erg/cm2/s
g-ray flux ~ a fewx10-11 erg/cm2/s

No indication of strong 
X-ray enhancement

Padovani et al. MNRAS 18



How to Mask X rays?
KM, Oikinomou & Petropoulou 18

- Not easy (cascade results from energy conservation)
- 1. de-beaming 2. fine tuning in the core region 3. photoelectric absorption



Implications
- Still ~3-4s so it could be merely a chance…

But possible to detect bright transients like this blazar flare even if the 
sources are sub-dominant in the diffuse n flux 

- If the association is physical:
A.  If the single-zone scenario is correct, robust cascade bounds imply that:

Probability to explain 1 event is <~a few %
Ironically, the leptonic scenario is supported by neutrinos 

B.  Multi-zone or more complicated models may be required

Demonstration of the feasibility of n-triggered multi-messenger campaigns



Future Detectors

 Markus Ackermann  |  04.05.2015  |  Page  

Summary

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

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

> New instruments proposed  
promise a bright future.

31

ASTROGAM

CTA

IceCube-Gen2

~10 km3

120m→240m spacing

~1 km3

better angular resolution

IceCube-Gen2

KM3Net



BSM Search
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background radiation
(low-energy γ)
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dark matter 
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Multi-Messenger Approach
(dark matter)
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Gamma-Ray Limits on Annihilating Dark Matter

HESS Collaboration 16 PRL

Dwarf & dwarf candidates
45 sources w. 6 year LAT data
Fermi Collaboration 17 ApJ

Galactic center region
inner 300 pc w. 10 year data

2s best-fit regions for 
Galactic center excess
(not excluded by dwarf analyses)

weaker limits from 
Reticulum II 
/Tucana III 



5

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)
-1 s3

  (
cm

〉
 v

σ〈

-2710

-2610

-2510

-2410

-2310

-2210

Observed, this work
Expected
68% Containment
95% Containment
H.E.S.S 112h (2011)

Thermal relic density

-W+ W→254h, DM DM 
Einasto profile

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)
-1 s3

  (
cm

〉
 v

σ〈

-2710

-2610

-2510

-2410

-2310

-2210

Observed, this work
Expected
68% Containment
95% Containment

Thermal relic density

-τ+τ →254h, DM DM 
Einasto profile

FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)-1 s3
  (

cm
〉

 v
σ〈

-2710

-2610

-2510

-2410

-2310

-2210

Einasto

Einasto 2

NFW 
H.E.S.S. 112h (2011), Einasto

Thermal relic density

-W+ W→254h, DM DM 

 (TeV)DMm
0.05 0.1 0.2 1 2 3 4 5 10 20 30

)-1 s3
  (

cm
〉

 v
σ〈

-2710

-2610

-2510

-2410

-2310

-2210

MAGIC Segue 1 
H.E.S.S. dSph stacking
This work
H.E.S.S. GC Halo 112h
Fermi LAT 15 dSph, 6 years, Pass 8

Thermal relic density

-W+ W→254h, DM DM 

FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Gamma-Ray Limits on Annihilating Dark Matter

HESS Collaboration 16 PRL

Galaxy groups & clusters
~500 sources out to z~0.03
Mishra-Sharma et al. 17 PRL

Galactic center region
inner 300 pc w. 10 year data
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Galaxy Group Limit

See parallel session talk 
by Siddharth Mishra-
Sharma

Lisanti, Mishra-Sharma, Rodd, and Safdi [in preparation]

Stacked analysis of ~500 brightest galaxy groups out to z ~ 0.03

Limits are competitive with dwarf galaxies and put dark matter interpretation of 
GeV excess further into tension



CR & n Limits on Annihilating Dark Matter

anti-proton w. AMS-02 data
stronger than dwarf limits for bb
anomaly compatible w. GC excess 

IceCube Collaboration EPJ 17

n from Galactic halo and center
complementary to g-ray limits

DM+DM → b+bbar

Cuoco et al. PRL 17
Cui et al. PRL 17
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Dark Matter as an Explanation for IceCube

• 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%)

ex. Feldstein et al. 13,  
Esmaili & Serpico 13, 
Higaki+ 14, Fong+ 15, 
Bai+ 14, Rott+ 15

(similar results in other 
models that are proposed)  

Testing the Dark Matter Scenario for PeV Neutrinos Observed in IceCube

Kohta Murase,1,2 Ranjan Laha,3 Shin’ichiro Ando,4 and Markus Ahlers5
1Center for Particle and Gravitational Astrophysics; Department of Physics; Department of Astronomy & Astrophysics,

The Pennsylvania State University, University Park, Pennsylvania 16802, USA
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5Wisconsin IceCube Particle Astrophysics Center (WIPAC) and Department of Physics,
University of Wisconsin, Madison, Wisconsin 53706, USA
(Received 28 March 2015; published 11 August 2015)

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.

DOI: 10.1103/PhysRevLett.115.071301 PACS numbers: 95.35.+d, 95.85.Ry, 98.70.Vc

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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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-
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(VHDM), which is hard to probe by existing accelerators
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Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
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bounds [46,47], the VHDM scenario can presently be
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In order to test various possibilities, the multimessenger
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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
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∼ 4 × 10−8 GeVcm−2 s−1 sr−1

×
!
1þ 1.6ðJ Ω=2Þ
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"
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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(VHDM), which is hard to probe by existing accelerators
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[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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Neutrino Decay: Normal Hierarchy

complete decay of n2, n3
disfavored only by flavors

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].
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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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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
i mi  0.3 eV, while the hatched band is excluded by neutrino oscillations: m2

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
i mi  0.3 eV, while the hatched band is excluded by neutrino oscillations: m2

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to

• Neutrinos may decay via BSM 
processes

• HE cosmic neutrinos provide a
special way to test BSM decay



Neutrino Decay: Inverted Hierarchy

Observing just one Glashow resonance event improves
the limit by 2-3 orders of magnitudes: t/m >~ 1 s eV-1
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FIG. 8. Di↵use fluxes of astrophysical neutrinos plus anti-
neutrinos �↵ +�↵̄ (↵ = e, µ, ⌧) as functions of energy. In the
left and right columns, respectively, the flux was normalized
to the IceCube combined-likelihood [27] and through-going
muon analysis [25]. A common lifetime of 10 s eV�1 was as-
sumed for ⌫2, ⌫3 (NH), and ⌫1, ⌫2 (IH). Flavor ratios at the
sources are (fe + fē : fµ + fµ̄ : f⌧ + f⌧̄ )S =

�
1
3 : 2

3 : 0
�
. Mix-

ing parameters are fixed to their best-fit values [3]. The range
4–10 PeV, relevant for our analysis, is shaded.

C. Using the Glashow resonance

An enhancement or depletion of the electron-flavor flux
results in an equally-oriented deviation in the rate of
(⌫e + ⌫̄e)-initiated showers. However, since ⌫e and ⌫⌧
generate indistinguishable showers, the observation of a
deviation in the shower rate could be attributed to a
modification in the flux of either flavor.

The Glashow resonance provides a way to break the de-
generacy, albeit at higher, still-undetected energies. Only
⌫̄e trigger the resonant process ⌫̄e+e ! W�; the hadronic
decay of the W , with branching ratio of 67%, increases
the shower rate around a neutrino energy of 6.3 PeV.
Even with this increase, the shower rate in IceCube above
2 PeV is low: ⇠ 1 per year for an optimistic spectral in-
dex of 2 [38]. We do not consider other decay modes of
the W , which provide alternative signals, with low rates,
that do not modify the shower rate [39, 40].

Given the low expected shower rate, an enhancement
by a factor of two can reasonably be attributed to an up-
ward statistical fluctuation instead of to complete decay
in the NH. In contrast, a depletion of the rate by one
order of magnitude –due to complete decay in the IH–
would make the rate vanish, even for longer exposure
times. Therefore, the eventual observation of showers in
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FIG. 9. Shower rate induced by ⌫e and ⌫̄e, assuming five
years of IceCube exposure and neutrino production via p�
interactions. The mixing parameters are fixed to their best-
fit values.

this energy range can be used to set limits on the neu-
trino lifetimes in the IH. However, the non-observation
of showers cannot be interpreted as discovery of decay,
since the astrophysical flux might have a high-energy cut-
o↵ unrelated to decay [27].
In what follows, we will restrict the discussion to neu-

trino production via pp interactions. To first order, the
neutrino and anti-neutrino flavor ratios at the sources
are equal: (fe : fµ : f⌧ )S = (fē : fµ̄ : f⌧̄ )S =

�
1
6 : 2

6 : 0
�
.

In p� interactions, in contrast, no ⌫̄e leave the sources,
to first order. In reality, the flavor ratios from p� and pp
are closer, due to additional production channels [REFS].
Our upcoming conclusions regarding decay will apply
also to production via p�.
Figure 9 shows the shower spectrum EshdN/dEsh at

IceCube, with and without decay, including the Glashow
resonance. See Appendix B for details. The number of
events within an energy range can be obtained simply
as the area below the curve, that is, by multiplying the
height of the curve times the energy window. The rate of
showers induced by atmospheric neutrinos is negligible
at these energies [41]. The drop in the shower rate by
one order of magnitude due to complete decay in the IH
is evident.
Figure 10 shows the integrated number of showers in

the range 4–10 PeV, as a function of the common lifetime
of the two heavier mass eigenstates. Decay is complete
for �1 . 1 s eV�1, and unobservable for �1 & 100 s
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
i mi  0.3 eV, while the hatched band is excluded by neutrino oscillations: m2

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to
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IH is not ruled out by the flavor information 
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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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mediator mass ~ 10 MeV

neutrino absorption?



Summary
g-ray flux ~ n flux ~ CR flux 

multi-messenger limits are now critical for CR and DM models

Cosmic-ray sources?
pp scenarios: s<2.1-2.2 & significant contribution to Fermi g-ray bkg.

cosmic particle unification is possible with s~2  
10-100 TeV data are NOT explained by CR reservoirs

pg scenarios: hidden CR accelerators? 

Neutrino Transients?
TXS 0506+056 flare: the simple model does not work – need more events

BSM?
dark matter: constrained by Fermi-LAT and CR experiments

10-100 TeV data are NOT readily explained
various possibilities (ex. neutrino decay, neutrino-neutrino self-interactions)



Thanks!



Starburst/Star-Forming Galaxies: Basics

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

high-z MSG: Sg~0.1 g cm-3 → n~10 cm-3

submm gal. Sg~1 gcm-3 → n~200 cm-3

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

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

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

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

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

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

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

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

p;17 B1=3
%6:5ðlcoh=30 kpcÞ%2=3M2=3

15 , which gives

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

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

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

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

!"!i
$10%9–10%8 GeVcm%2 s%1 sr%1,

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

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

B. Star-forming galaxies

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

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

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

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

1=3
ej;9n

%1=3, where Eej

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

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

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

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

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

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

w;7:5.

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

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

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

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

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

is tdiff ! ðh2=4DÞ ’ 1:6 MyrD%1
0;26"

%1=3
p;17 ðh=kpcÞ2, giving

"bp ! 21 PeVD%3
0;26#

3
g;%1ðh=kpcÞ3 (for tpp < tadv) or "

b
p !

15 PeVD%3
0;26V

3
w;7:5ðh=kpcÞ3 (for tadv < tpp).

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

!"!i
$ 10%9–10%7 GeV cm%2 s%1 sr%1,

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

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

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

IV. SUMMARYAND DISCUSSION

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

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

models. For example, if the INB is explained by hypernovae
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Can Blazars Explain the IceCube Data?

- Cutoff or steepening around a few PeV (ex. stochastic acceleration)
But the models give up the simultaneous explanation of UHECRs

- Neutrino data at <~100 TeV are not explained by proposed models
and there are constraints from stacking and clustering analyses

KM & Waxman 16 PRD

BL Lac – two-zone
BL Lac – one-zone
FSRQ – external field
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Galactic Neutrino Sources?
~200 TeV is coincident w. “neutrino ankle” of Galactic CRs
Galactic scenarios are not ruled out but fine tuning is needed

• Why the Gal and extragalactic have the similar flux at this energy?
If the same source population is responsible

• Muon neutrino constraints
Galactic diffuse emission: <50% (<20% from IceCube Collab. 17)
Unresolved sources in the Galactic plane: <65%
Fermi bubbles, un-ID TeV sources: <25%
DM decay: unconstrained

• Diffuse gamma-ray constraints
Galactic diffuse emission: <3(DW/1 sr)% 
Galactic center: <40-50(DW/1 sr)%
HAWC will improve the limits soon

(Ahlers, Bai+ 15 PRD)

(Ahlers & KM 14 PRD, KM+ 16 PRL, Kistler 16)
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Subdominant Sources in the Galactic Plane?

constraints on proposed models
- diffuse Galactic emission
(Anchordoqui+ 14, Neronov+ 14, Joshi+14)
too steep spectra

- supernova/hypernova remnants
(Fox+ 13)
gamma limits look violated

7
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FIG. 3: Di↵use measurements of the �-ray flux in the GP
in comparison to the expected di↵use flux from the propa-
gation of Galactic CRs (green lines) and Galactic SNRs and
HNRs (black/gray lines) with power index � = 2.2. The
solid lines indicate the estimate in Eqs. (5), (7) and (8) using
relation (2) without attenuation and the dashed lines indi-
cate the contribution from a source at the GC. We adopt the
calculation of Ref. [29] for the interstellar radiation field on
top of the CMB. We also show estimates of the sensitivity of
CTA (green dotted), HAWC (blue dotted) and LHAASO (red
dotted) w.r.t. the di↵use TeV-PeV �-ray emission in the GP
(|b| < 2�).

with exponential cuto↵ at E
⌫,max ' 2 PeV.

In Figure 3 we show the associated flux of di↵use
Galactic CRs and from SNRs/PWNe and HNRs from
Eqs. (5), (8) and (7) using relation (2) in comparison
to experimental observations of TeV-PeV �-rays. The
absorption via interstellar radiation fields in the plane
depend on the Galactic longitude; the dashed lines in-
dicate observations for a source at the GC where the
absorption e↵ect is strongest [29]. Note that the indi-
vidual di↵use TeV-PeV �-ray limits of the GP are for
di↵erent longitudinal emission regions along the GP as
indicated in the legend of the plot. The Milagro exper-
iment identified a di↵use �-ray emission in the GP at
3.5 TeV within 40� < ` < 100� and at 15 TeV within
40� < ` < 85� [39, 40]. The flux of SNRs or PWNe may
make a significant contribution to the Milagro flux. This
is roughly consistent with estimates based on analyses
on nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [68].

The di↵use flux from the propagation of CRs is

marginally consistent with the estimate of Eqs. (2) and
(5). On the other hand, the neutrino flux from SNRs
suggested by Eqs. (2) and (7) is already ruled out by
di↵use GP �-ray measurements. PeV �-ray observations
constraint the flux to E2

�

J
�

. 10�8 GeV cm�2 s�1 sr�1

at E
�

⇠ 0.1 � 0.2 PeV, implying E2
⌫

J
⌫↵ . 0.4 ⇥

10�8 GeV cm�2 s�1 sr�1 at E
⌫

⇠ 0.1 � 0.2 PeV. This
may imply that not all young SNRs in the Sedov phase
do accelerate CRs up to the CR knee as suggested from
TeV �-ray observations of nearby SNRs [e.g., 69]. This
is also consistent with the theoretical expectation that
E

p,max ⇠ Ekn is achieved only around tSed.

More generally, we can see from Fig. 3 that > 100 TeV
�-ray limits in the GP are at a comparable level as (or
at a slightly lower level than) the di↵use isotropic limits
shown in Fig. 2. Note that the limits and measurements
of the di↵use GP flux are obtained after substracting
the isotropic component. However, an extragalactic dif-
fuse �-ray emission in this energy range will be strongly
suppressed due to photon absorption in the extragalac-
tic background light. If all events of the IceCube excess
would be associated with the GP at |b| < 2� the di↵use
GP flux would be about 4⇡/�⌦GP ' 29 times larger
than the prediction in Eqs. (1) and (2). This is clearly
ruled out by the di↵use GP limits shown in Fig. 3. How-
ever, already 4% of the IceCube excess, i.e. about one
out of the 28 would correspond to a di↵use GP flux at
the same level as the isotropic prediction. The associa-
tion of the GP emission with the IceCube excess is hence
very unlikely. Obviously, statistical fluctuations and the
di↵erent FoV of �-ray observatories are important for a
more quantitative estimate, but this doesn’t change the
general argument.

Deeper PeV �-ray observations covering the GP can
test the SNR/HNR scenario more solidly, independently
of an association with the IceCube excess. In Fig. 3 we
show the sensitivity of the air shower arrays HAWC [50]
and LHAASO [49] after three and one year of observa-
tion, respectively, and for the proposed Cherenkov Tele-
scope Array (CTA) after 100 hours of observation [48].
For CTA we assume a FoV with diameter of 10� and
✓PSF ' 0.05�. To account for the limited FoV of
these experiments we estimate the upper di↵use limits
from the point source (PS) sensitivities �PS (in units of
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p
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Vicinity of supermassive black holes.– AGN show
broadband nonthermal emission with major contribu-
tions to the x-ray and �-ray backgrounds. About
10% of AGN is thought to have powerful relativis-
tic jets and these radio-load galaxies have a typical
density of ⇠ 10�4 Mpc�3 and jet luminosity of ⇠
1044 erg s�1. Their energy budget is estimated to be
⇠ 3 ⇥ 1046 erg Mpc�3 yr�1 [29], implying "pQ"p .
3 ⇥ 1045 erg Mpc�3 yr�1 R�1

p,1. This is comparable to
the �-ray luminosity density of BL Lac objects, Q� ⇠
2 ⇥ 1045 erg Mpc�3 yr�1 [30]. Note that the total CR
luminosity density is larger by Rp, and large CR load-
ing factors of ⇠ 10–100 are indeed required to explain
the observed neutrino and/or UHE CR fluxes [31, 32].
The popular jet model explains various multiwavelength
data of AGN [33], and associated CR acceleration at in-
ner jets, knots, hot spots, and radio bubbles or lobes has
been discussed for decades (see Ref. [22] as a recent re-
view). In particular, CR acceleration and neutrino emis-
sions from the inner jets, including e↵ects of both internal
and external radiation fields, have been studied in detail
in light of the IceCube data [31, 32, 34, 35]. However, the
blazar origin of di↵use neutrinos has already been con-
strained by point-source searches [20, 36–38]. In addi-
tion, one-zone leptonic and leptohadronic models predict
very hard spectra and do not explain the 10–100 TeV
neutrino data [22, 31, 34, 35].

The situation may be di↵erent at deeper regions in
the vicinity of supermassive black holes. Obviously, the
photomeson production e�ciency is higher at inner radii,
fp� & 0.1 [21, 39, 40], and x rays can be supplied by the
black hole accretion disk. The x-ray background orig-
inates from the accretion power of supermassive black
holes, in particular radio-quiet AGN, and is much higher
than the �-ray background. The 2-10 keV x-ray luminos-
ity density of AGN is QX ⇡ 2⇥1046 erg Mpc�3 yr�1 [41].
The x rays are thought to originate mostly from thermal
electrons in the hot coronae. Although there is no com-
pelling evidence for CR acceleration in such dense envi-
ronments, a fraction of the accretion energy could be used
for CRs, and radio-quiet AGN and low-luminosity AGN
can give E2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 [21, 42, 43]
given that "pQ"p . Qp . QX (see Fig. 1). Source
models and CR acceleration mechanisms in the vicin-
ity of black holes are uncertain. First, relativistic jets
may be common in galaxies hosting supermassive black
holes, even if they are weaker in radio-quiet and low-
luminosity AGN (that may include normal galaxies), and
e�cient CR acceleration in compact regions in the jet
may occur [44, 45]. Second, as considered in Ref. [21],
stochastic and/or shear acceleration as well as magnetic
reconnections may occur in radiatively ine�cient accre-
tion flows of low-luminosity AGN disks and radio-quiet
AGN coronae. Third, in su�ciently low-luminosity ob-
jects starved for plasma, electrostatic acceleration in a
potential gap formed in the black hole magnetosphere
may also work [46]. Regarding the luminosity density of
x rays as an upper limit of nonthermal photon outputs

from AGN, "pQ"p . 2 ⇥ 1046 erg Mpc�3 yr�1 would be
considered to be a reasonable assumption.

Multimessenger Limits on Galactic Contributions

Multimessenger data indicate that the di↵use neutrino
flux measured in IceCube largely comes from extragalac-
tic sources. Galactic neutrino emission is excepted to
be strongly anisotropic except for exotic scenarios like
emission from the Galactic halo. As shown in Ref. [1],
even these scenarios are constrained by the IGRB: the
spectral index is required to be s . 2.0 if the Galac-
tic emission is quasiisotropic. In addition, there are up-
per limits placed by CR air-shower arrays such as KAS-
CADE [47] and CASA-MIA [48] in the TeV-PeV range.
The isotropic di↵use �-ray intensity at E� ⇠ 300 TeV
is limited as E2

��� . 10�8 GeV cm�2 s�1 sr�1. With
K = 2, an upper limit on the isotropic Galactic halo
all-flavor neutrino intensity at E⌫ ⇠ 150 TeV is esti-
mated to be E2

⌫�⌫ . 1.5 ⇥ 10�8 GeV cm�2 s�1 sr�1,
which is . 30% of the all-flavor neutrino intensity at
E⌫ = 100 TeV for a spectral index of s = s

ob

= 2.5.
A significant contribution may also come from the

Galactic plane, e.g., by di↵use CRs or unresolved su-
pernova remnants. CASA-MIA [49] gives E2

��� . 2 ⇥
10�8 GeV cm�2 s�1 sr�1 at E� ⇠ 200 TeV for the re-
gion |b| < 5� and 50� < l < 200�. Assuming the uni-
form neutrino intensity over the entire Galactic plane
�⌦, the Galactic plane neutrino intensity is constrained
as E2

⌫�⌫ . 2 ⇥ 10�9 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV, which is only ⇠ 3% of the all-flavor neu-
trino intensity although some special neutrino sources
could exist outside the array’s field of view.

If we consider a neutrino emission region around the
Galactic center or ridge (e.g., Fermi bubbles), the ob-
servational CASA-MIA limit is weakened to E2

��� .
2 ⇥ 10�7 GeV cm�2 s�1 sr�1 at E� ⇠ 300 TeV, leading
to E2

⌫�⌫ . 3 ⇥ 10�8 (�⌦/1 sr) GeV cm�2 s�1 sr�1 at
E⌫ ⇠ 100 TeV. Thus, the Galactic center contribution is
expected to be . 40–50%. In this case, a stronger upper
limit (. 25%), which is mostly independent of spectral
assumptions [50], is derived from the distribution of the
high-energy starting events [51].

A separate fit of the IceCube data in the Northern
and Southern Hemispheres resulted in di↵erent best-fit
power-law indices with s

ob

⇠ 2.0 and s
ob

⇠ 2.56, re-
spectively [19]. This could indicate anisotropic emission
originating from the Milky Way, in particular the Galac-
tic center or ridge. However, this asymmetry is not sig-
nificant at present. Also, muon neutrino limits [50] and
di↵use �-ray limits already indicate that Galactic contri-
butions should be less than ⇠ 25–50%.

So far, (a) extragalactic CR accelerators such as super-
novae, GRBs, and AGN, (b) extragalactic CR reservoirs
such as starbursts and galaxy cluster or groups, and (c)
Galactic sources, have been considered as possible origins
of the IceCube neutrinos. This work showed that a �-ray
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γ-ray flux between energies of 1–100 TeV [19]. Utilizing
these results, the HAWC Collaboration placed stringent
upper limits on the maximum neutrino flux in the Fermi
bubbles, within the context of purely hadronic models.
Interestingly, these observations ruled out a previous
analysis of the neutrino flux from the Fermi bubbles,
which did not take into account the possibility that the
neutrino flux could be produced by atmospheric or astro-
physical backgrounds [32].
Here we generalize the results of the HAWC

Collaboration, and consider the potential for HAWC data
to place model-independent constraints on the contribution
of the Fermi bubbles to the IceCube neutrino flux. In
particular, we consider two scenarios, which we call “pure
hadronic” and “hybrid leptonic-hadronic.” In the pure
hadronic scenario, we assume that all γ rays produced in
the Fermi bubbles at GeV energies are produced via
hadronic processes. In this case, the detection of bright
Fermi bubbles emission by the Fermi-LAT, coupled with
the strong upper limits on Fermi bubbles emission by
HAWC, combine to force the γ-ray spectrum (and by
extension the neutrino spectrum) to be extremely soft. In
the hybrid leptonic-hadronic scenario we instead assume
that the bulk of the GeV γ-ray signal observed by the Fermi-
LAT is produced by primary leptons, while γ rays from
hadronic processes are subdominant. This allows the
spectrum of hadronic γ rays and neutrinos to be relatively
hard, allowing for a larger very-high-energy flux.
In each case, we fit the γ-ray spectrum and intensity to

Fermi-LAT and HAWC observations, and then calculate
the resulting neutrino spectrum under the assumption that
neutrinos and γ rays from hadronic interactions are corre-
lated via the relationship [23],

ðEνQEν
Þall−flavor ≈

3

2
ðEγQEγ

ÞjEν¼Eγ=2; ð5Þ

where QE ∝ Ed _N=dE is the production rate of neutrinos
and γ rays. The number of neutrino events in the bubble
region can then be calculated by

Nν ¼
Z

1 PeV

30 TeV

!
dN

dEdAdtdΩ

"

ν
Aeff;southtliveΩFB; ð6Þ

where Aeff is the effective area of IceCube for contained
neutrino searches averaged over the Southern sky [22]. This
serves as a reasonable approximation for the average
effective area of IceCube in the Fermi bubbles region.
In Fig. 3, we show the results of this analysis. We

compare our models to four data sets: the 0.1–500 GeV
measurements of the Fermi bubbles by the Fermi-LAT
Collaboration (black squares [33]), the 95% confidence
upper limits from the nondetection of very-high-energy γ
rays in the northern bubble by HAWC (black solid bars),
the 90% confidence upper limits from the nondetection
of ultra-high-energy γ rays by the Chicago Air Shower

Array–Michigan Muon Array experiment (CASA-MIA,
olive upper limits [34]), and the neutrino flux calculated in
this paper using 4-year HESE data (red upper limit).
Because the neutrino data are extremely sparse, we com-
bine all energy bins in our neutrino analysis into one energy
bin, depicted at a central energy of ∼230 TeV. We have
included uncertainties in the neutrino flux stemming from
the difference between the true neutrino energy and the
deposited energy following [35,36]. We show the pre-
dicted γ-ray (blue dashed) and neutrino (orange solid)

FIG. 3. The modeled intensity and spectrum of the neutrino and
γ-ray emission produced by hadronic interactions in the Fermi
bubbles. We show the predicted γ-ray (blue dashed) and all-flavor
neutrino (orange solid) spectrum for our models of hadronic
Fermi bubbles production (thick lines), as well as the hadronic
fraction of our hybrid leptonic-hadronic model (thin lines).
Details of the models are given in Sec. III. We note that the
γ-ray spectrum in our leptonic-hadronic model receives addi-
tional contributions from the interactions of primary electrons,
which are not shown here. We compare our results to γ-ray
observations of the Fermi bubbles by the Fermi-LAT at GeV
energies (black squares), the 95% confidence upper limits on the
TeV γ-ray flux recorded by HAWC (black solid bars), the
90% confidence upper limits on ultra-high-energy gamma rays
by CASA-MIA scaled to the bubbles region (olive upper limits;
[23,34]), and the 90% confidence upper limit on the neutrino flux
at TeV—PeVenergies as calculated in this work (red upper limit).
We additionally show the projected sensitivity from 100 hr of CTA
observations (grey dotted; [37]), 5 yr of HiSCOR observations
(green dotted; [38]), and 1 yr of LHASSO observations (pink
dotted; [39]) converted to the region of the Fermi bubbles
following [23], assuming that these detectors would be able to
view (or have viewed) the Fermi bubbles continuously for assumed
periods. In the hadronic scenario (thick lines), the maximum
neutrino flux allowed by the Fermi-LAT and HAWC measure-
ments does not produce a significant IceCube flux at high neutrino
energies. However, in the hybrid leptonic-hadronic scenario (thin
lines), the spectral index of the subdominant γ-ray component can
be extremely hard, producing a bright neutrino flux detectable by
IceCube. We note that the IceCube upper limit is calculated over a
wide energy bin, and a significant number of neutrinos are
observed at energies exceeding ∼100 TeV where the flux in the
pure hadronic model is negligible.
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model of the Fermi bubbles. While hybrid models are still
possible, we show that future HAWC observations could
exclude at least half of the overlapping neutrino events as
having a Fermi bubbles origin.
The paper is organized as follows. In Sec. II, we calculate

the neutrino flux within the Fermi bubbles region, and use
models for the atmospheric and astrophysical backgrounds
to constrain the neutrino excess associated with the Fermi
bubbles. In Sec. III, we consider constraints from HAWC
null-observations of the Fermi bubbles in both hadronic and
hybrid leptonic/hadronic models. Finally, in Sec. IV, we
discuss the prospects for constraining the neutrino emission
associated with the Fermi bubbles with current and future
experiments.

II. ICECUBE OBSERVATIONS
OF THE FERMI BUBBLES

In four years of data (1347 days), observations by the
IceCube Observatory have detected 54 neutrinos with
verticies inside the IceCube detector and contained energies
exceeding ∼30 TeV. These events are known as the high-
energy starting events (HESE) [22,29,30]. Of these events,
eight spatially overlap with the Fermi bubbles, as shown in
Fig. 1. For each event we show an ellipse that corresponds
to the angular uncertainty in the event reconstruction, and
an event color that corresponds to the reconstructed energy
of the neutrino. All of these events are shower events,
which have a good energy resolution (∼15%), but suffer

from large uncertainties in the reconstruction of their arrival
direction (∼10°). This is comparable to the size of the Fermi
bubbles, and implies that all events near the location of
the Fermi bubbles must be studied in detail. In particular,
we find that five events (2, 12, 14, 15, and 36) have a
reconstructed direction that is centered within the bubbles.
An additional three events (22, 24, 25) are in close
proximity, but have reconstructed directions that are cen-
tered outside the bubbles. Event 14, which is located close
to the Galactic center, is the highest-energy event in the
region and is one of only three events in the full HESE data
set with reconstructed energies exceeding 1 PeV.
The poor angular resolution of these HESE events makes

it difficult to evaluate the spatial correlation between each
event and the Fermi bubbles. In what follows, we utilize the
best-fit directions of each event, and consider only candi-
date events that are centered within the Fermi bubbles
region. We note that weighting each event by the fraction of
the point-spread function that lies within the Fermi bubbles
provides similar results. We take the solid angle of the
Fermi bubbles to be ΩFB ≈ 0.85 sr [14]. The total number
of events in the bubbles is Ntot

FB ¼ 5.

FIG. 1. The spatial distribution of neutrino events in the IceCube
four-year HESE data [29,30] that overlap with the Fermi bubbles
[14]. The results are shown in equatorial coordinates. Neutrino
events are labeled with their event ID. The contour surrounding
each event corresponds to its angular resolution. Eight events from
the four-year data partially overlap with the Fermi bubbles. Events
2, 12, 14, 15, and 36 have best-fit arrival directions that lie inside
the bubbles, while events 22, 24, and 25 are centered outside
the bubbles. The event distribution shown here is identical to the
results of the three-year data [27], since no new events from the
fourth-year of data overlap with the bubbles.

FIG. 2. The number of neutrinos in the Fermi bubbles as a
function of their deposited energy. Results are based on HESE
events observed over four years of IceCube data [30]. The data set
is compared to (1) the number of expected atmospheric events
including neutrinos and muons (solid red), (2) the average
number of events in the declination range spanned by the Fermi
bubbles (−60° < δ < 0°; solid orange), and (3) the predicted
number of atmospheric and astrophysical neutrinos between
60 TeV and 3 PeV based on the isotropic data. We utilize two
models for the spectrum of astrophysical neutrinos, including an
E−2 spectrum (grey), and an E−2.58 spectrum fit to the IceCube
HESE (blue shaded region). A total event number of 5.2 is
expected based on event distribution in the sideband regions,
which is comparable to the observed number of 5. The flux and
distribution of neutrinos in the Fermi bubbles is also consistent
with the best-fit model of the isotropic sky, with an excess that has
a p-value of 0.22.
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A. Quasiisotropic Galactic emission

The IceCube excess is consistent with an isotropic
distribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from extra-
galactic sources. In principle, however, one could consider
possibilities of Galactic sources such as Galactic halos
including termination shocks of galactic winds, high-
latitude old pulsars, local molecular clouds around the
solar system and hot circumgalactic gas. But, among them,
no plausible scenario has been proposed. PeV γ-ray con-
straints can strongly support this directly.
As an astrophysical scenario we briefly discuss the

expected neutrino and γ-ray emission from the Galactic
halo following Ref. [52]. We assume that the ejecta of
Galactic supernovae (SN) accelerate CRs to an energy
above the CR knee sufficient for the production of PeV
neutrinos. (We will provide a more detailed discussion of
the maximum CR energy in supernova remnant (SNR)
shocks in the following section.) The total CR energy
per SN is assumed to be a significant energy fraction ϵp
of the initial SN ejecta energy of Eej ¼ 1051ergEej;51.
In the following we approximate the source CR spec-
trum as a power-law normalized as E2

pNpðEpÞ≃
ϵpEejðEp=Ep;minÞ2−Γ=R0, where we assume that Ep;min ∼
mp and introduce a bolometric correction factor R0¼
ð1−ðEp;max=Ep;minÞ2−ΓÞ=ðΓ−2Þ (orR0¼ lnðEp;max=Ep;minÞ
for Γ ¼ 2).

We now assume that CRs injected over a time scale of
tinj ∼ 10 Gyr can be trapped in the Galactic halo [53] with a
gasdensitynhalo≃10−4.2 cm−3ðr=RvirÞ−0.8 [54]up to thevirial
radius Rvir≃260kpc [55]. Assuming the present supernova
rate ofRSN ∼ 0.03 yr−1 and itspast enhancementfpast ∼ 3 the
total number of SNRs contributing to the halo emission is
NSNR≃fpastRSNtinj. The present energy density of CRs in
the halo is thus approximately NSNRϵpEej=Vhalo with halo
volume Vhalo ≃ ð4π=3ÞR3

vir. The per flavor and per SNR
neutrino spectral emissivity is then (c.f. [23]) E2

νQνα≃
ð1=6ÞκpcσppnhaloE2

pNpðEpÞ, where Eν ≃ 0.05Ep and for
pp interactions we used the pion ratio K ≃ 2, mean inelas-
ticity κp ≃ 0.5 and cross section σpp≃3×10−26 cm2 around
1GeV, increasing toσpp≃6×10−26 cm2 aroundEkn [56].The
diffuse neutrino spectrum can then be approximated as

E2
νJhaloνα ≃ NSNR

4πVhalo

Z
Rvir

0
drE2

νQνα

≃ 2.4 × 10−9 GeVcm−2s−1sr−1ϵp;−1Eej;51

×
!

Rvir

260 kpc

"−2!fpast
3

"!
RSN

0.03 yr−1

"!
tinj

10 Gyr

"
;

ð3Þ

for Γ ¼ 2, Ep;min ∼mp and Ep;max ∼ 12 PeV.
Note that the previous estimate is consistent with results

obtained by Ref. [52] if we adopt Γ ¼ 2.4, but the
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FIG. 2 (color online). Measurements of the isotropic diffuse γ-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the γ-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K ¼ 2) and an exponential
cutoff at 6 PeV (i.e., 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc, and 30 kpc, respectively,
taking into account pair production via scattering off CMB photons. For the conversion of photon fractions into photon flux we use the
CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray line. Right panel: Comparison to the Galactic
γ-ray emission of a generic DM decay scenario assuming a scalar X with mass mX ¼ 5 PeV and lifetime τX ¼ 7 × 1027 s. The solid,
dashed, and dotted black lines show the diffuse emission from the three sky regions divided by the red dashed circles in Fig. 3. The solid
gray line shows the total average neutrino flux, which also accounts for the extragalactic contribution shown separately as a dashed
gray line.
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Example: Galactic Halo?

• Existing old TeV-PeV g-ray limits are close to predicted fluxes
→ Need deeper TeV-PeV g-ray observations (relatively not expensive)

※ Fermi g-ray data imply sn < 2.0 → support extragalactic scenarios

γ + bkgγ → e+ + e−

Ahlers & KM 14 PRD

Airshower arrays have placed diffuse g-ray limits at TeV-PeV
Isotropic limits (Galactic halo CR model)
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ABSTRACT

We analyze the physical conditions of the cool, photoionized (T ∼ 104K) circumgalactic medium
(CGM) using the COS-Halos suite of gas column density measurements for 44 gaseous halos within
160kpc of L ∼ L∗ galaxies at z ∼ 0.2. These data are well described by simple photoionization
models, with the gas highly ionized (nHII/nH ! 99%) by the extragalactic ultraviolet background
(EUVB). Scaling by estimates for the virial radius, Rvir, we show that the ionization state (tracked
by the dimensionless ionization parameter, U) increases with distance from the host galaxy. The
ionization parameters imply a decreasing volume density profile nH = (10−4.2±0.25)(R/Rvir)−0.8±0.3.
Our derived gas volume densities are several orders of magnitude lower than predictions from standard
two-phase models with a cool medium in pressure equilibrium with a hot, coronal medium expected
in virialized halos at this mass scale. Applying the ionization corrections to the H I column densities,
we estimate a lower limit to the cool gas mass Mcool

CGM > 6.5 × 1010 M⊙ for the volume within R <
Rvir. Allowing for an additional warm-hot, OVI-traced phase, the CGM accounts for at least half of
the baryons purported to be missing from dark matter halos at the 1012 M⊙ scale.
Subject headings: galaxies: halos – galaxies:formation – intergalactic medium — quasars:absorption

lines

1. INTRODUCTION

Baryons account for 17% of the gravitating mass in
the universe (Ωb = 0.17 Ωm; Blumenthal et al. 1984;
Dunkley et al. 2009). Yet, observational inventories
reveal a shortage of baryons on both universal and
galaxy-halo scales. The first ‘missing baryon prob-
lem’ is illustrated by counting up all the baryons re-
vealed by observations of stars, dust, and gas in galax-
ies and clusters (Ωg). The total is significantly less
than the value expected from the widely-accepted Big
Bang Nucleosynthesis model, weighing in at only 0.03
- 0.07Ωb (Persic & Salucci 1992; Fukugita et al. 1998;
Bell et al. 2003). Second, baryons are apparently miss-
ing from galaxies themselves in what is known as the
galaxy halo missing baryon problem (McGaugh 2008;
Bregman & Lloyd-Davies 2007; McGaugh et al. 2010).
To explain these baryon shortages one must invoke un-
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seen or poorly-defined components: highly photoionized
intergalactic hydrogen, known as the Lyα forest (Lynds
1971; Sargent et al. 1980; Cen et al. 1994), the warm-
hot intergalactic medium, or WHIM, (Cen & Ostriker
1999; Davé et al. 1999) and the circumgalactic medium,
or CGM (e.g. Bergeron 1986; Lanzetta et al. 1995). In
cosmological hydrodynamical simulations, for instance,
baryons are apportioned comparably between the Lyα
forest (40%), the CGM (25%) and the WHIM (25%, ex-
cluding the gas that is also CGM; Davé et al. 2010).
The present work concerns the halo missing baryon

problem, which we briefly summarize here. Gener-
ally speaking, the condensed baryonic component of
galaxies, which dominates the energy output of the
system, is predicted to dynamically trace the under-
lying dark matter halo. Traditionally, baryon count-
ing in this regime has focused on a galaxy’s stars,
cold ISM, and its hot X-ray halo gas (Bell et al.
2003; Klypin et al. 2011; Baldry et al. 2008; Yang et al.
2009; McGaugh et al. 2010; Anderson & Bregman 2010;
Papastergis et al. 2012; Gupta et al. 2012). Compared
to the cosmological Ωb/Ωm ratio, galaxies and their halos
come up significantly short on baryons. For a Milky-Way
luminosity galaxy, the various estimates of the ratio in
stellar mass to the dark matter mass within the virial ra-
dius range from M∗/MDM ≈ 0.02− 0.05 (Behroozi et al.
2010); when we add the cold, neutral component from
HI surveys (Martin et al. 2010), this fraction increases
to only 0.07. Finally, when we add in the detected X-ray
halo gas, the fraction is at most 0.08 (but see Gupta et al.
2012; Fang et al. 2013). Such a deficiency is often ex-
pressed in terms of (Mstars,gas/MDM)/(Ωb/Ωm). In this
representation, galaxy halos appear to be missing ap-
proximately 60% of their baryons, suggesting that they
are structures nearly devoid of baryons both in mass and


