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Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting
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Most contributions come from unresolved distant sources, difficult to see each 
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diffuse ν intensity of extragalactic sources (cf. DSNB) ← consistent w. isotropic distribution   



are compared to the projected IceCube three-year sensitiv-
ity for a E!2

! spectrum [3], as well as the estimated atmos-
pheric neutrino background (taken from Ref. [1], with the
spectrum assumed to be / E!3

! above 1 PeV). The small
background fluxes, which will be hard for IceCube and
KM3Net to detect, follow from the strong upper limit on
interactions with the radiation field required so that all
UHECR sources satisfy "A# < 1. It is particularly strong
when an ironlike composition is assumed as an explanation
of the PAO data, as in Refs. [24,27].

Although we have discussed only neutrinos from pion
decay, they are also produced by neutron decay following
photodisintegration. However, these neutrinos give lower
background fluxes. The typical neutrino energy in the
neutron rest frame is "0:48 MeV, and "A# < 1 gives
E2
!!! & 1:9# 10!13fzðA=56Þ!1:21 GeV cm!2 s!1 sr!1

for electron antineutrinos.

B. Condition on photodisintegration effective optical
depth

The PAO composition results are still uncertain, and it is
possible that the composition is mixed rather than ironlike.
Also, perhaps a moderate fraction of nuclei undergo pho-
todisintegration interactions in their sources, such that the
requirement "A# < 1might be too strong. Instead of this, it
would be more conservative to define a condition on the
photodisintegration energy-loss time tdis for nuclei of ini-
tial mass A.

After a heavy nucleus with A (e.g., iron) experiences one
photodisintegration interaction via the GDR, the atomic
number is A! 1, which is still heavy. For the first interac-
tion, the fractional nuclear energy loss, i.e., the inelasticity,
is roughly $GDR " 1=A around the GDR resonance (since
#A is conserved before and after single-nucleon emission
by the GDR) [34]. The photodisintegration energy-loss
time is roughly estimated by multiplying Eq. (4) by $GDR

(or one can evaluate it numerically in a somewhat different
manner [26]). Then, the more conservative requirement of
nucleus survival is that the effective (energy-loss) photo-
disintegration optical depth is smaller than unity, i.e.,
fA# & tint=tdis " tint$GDR=tA# < 1. Then, instead of
Eq. (7), we have

fmes " fp# & 8:2# 10!2ðA=56Þ!0:21: (10)

This is larger than that in the previous subsection since
some photodisintegration is now allowed.

The corresponding nucleus-survival landmark for the
neutrino background is analogous to Eq. (8). However,
when nucleons are ejected from nuclei via the GDR, both
the nuclei themselves and the ejected nucleons produce
neutrinos via photomeson interactions. Instead of Eq. (8),
in more generality, we have

E2
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4
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A

d _NA
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where we have still assumed fA# < 1. However, because
fp#ðEA=AÞ " fmesðEAÞ, this becomes the same as Eq. (8).
Hence, similar to Eq. (9), the neutrino (!& þ "!&) back-
ground flux is

E2
!!! & 8:4# 10!10fzðA=56Þ!0:21 GeV cm!2 s!1 sr!1;

(12)

which is still lower than the WB landmark by 1 order of
magnitude. The near-A independence of this result is a
consequence of the fact that 'GDR$GDR " Að1=AÞ " 1; in
the previous subsection, the term $GDR was not included.
The results are shown in Fig. 2.
The neutrino background from nuclei accelerators was

briefly considered in Ref. [39], where it was argued that
this flux is much smaller than the WB flux. Our work is
different, since we quantitatively take into account the
nucleus-survival condition, showing that it is crucial to
constrain properties of the sources and that it leads to a
small but appreciable neutrino flux.
Similar to Eq. (12), the landmark for neutrinos from

neutron decay following photodisintegration can be
obtained; the condition fA# < 1 leads to E2

!!! &
10!11fzðA=56Þ!0:21 GeV cm!2 s!1 sr!1 for electron
antineutrinos.

C. Dependence on spectral index

The nucleus-survival landmarks expressed in Eqs. (9)
and (12) were derived for a E!2

CR spectrum. Different in-
dices are allowed from UHECR observations, depending
on source evolution models. Here, modifying assumption
(b), we consider the case where dNCR

dECR
* #A+1ðdNA

dEA
Þ ¼

#A+1ðyA dNCR

dECR
Þ with dNA

dEA
/ E!s

A . Here, yA is the fraction of
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Waxman-Bahcall landmark (sCR=2 assumed)  
1) εCR

2qCR: normalized by the obs. UHECR flux, 2) fmes→1 limit 

← “nucleus-survival” 
      landmarks 
     (KM & Beacom 10 PRD) 
      ∵σAγ >> σpγ	


fmes (<1): efficiency (energy fraction of πs) 
εCR
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Astrophysical Extragalactic Scenarios 
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  ex. Waxman & Bahcall 97, KM et al. 06 
  after Neutrino 2012: 
  Cholis & Hooper 13, Liu & Wang 13 
  KM & Ioka 13, Laha et al. 13, Winter 13 
   
- Active galactic nuclei  
  ex. Stecker et al. 91, Atoyan & Dermer 01 
  after Neutrino 2012: 
  Kalashev, Kusenko & Essey 13, Stecker 13, 
  KM, Inoue & Dermer 13, Winter 13 

- Starburst galaxies (not Milky-Way-like) 
  ex. Loeb & Waxman 06, Thompson et al. 07 
  after Neutrino 2012: 
  KM, Ahlers & Lacki 13, Katz et al. 13, 
  Liu et al. 14, Tamborra, Ando & KM 14, 
  Anchordoqui et al. 14  
 
- Galaxy groups/clusters  
  ex. Berezinsky et al. 97, KM et al. 08 
  after Neutrino 2012:  
  KM, Ahlers & Lacki 13 
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Astrophysical Extragalactic Scenarios 
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producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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IceCube 12 Nature 

PeV 

pγ Neutrinos from Gamma-Ray Bursts 

Numerical calculations 
- multi-pion production 
- meson/muon cooling 
- CR energy losses 
(ex. KM & Nagataki 06 PRD) 

IceCube 

KM & Nagataki 06 PRD 

PeV 

Lcr/Lγ=50 

Lcr/Lγ=10 

- IC40+59 limits: <~ 10-9 GeV cm-2 s-1 sr-1 (and stronger w. IC79) 
  → disfavored as the main origin of observed PeV neutrinos  
 

- GRBs are special: stacking analyses 
  duration (~10-100 s) & localization → atm. bkg. is practically negligible 

(ex. IceCube coll. 12 Nature) 

•  Popular candidate sources of PeV νs and ultrahigh-energy cosmic rays 
 typical energy εν~0.05εp~0.01 GeV2 Γj

2/εγ,pk~1 PeV (←εγ,pk~1 MeV & Γj~300)  

IceCube 
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Exceptions: Low-Power Gamma-Ray Burst Jets 

- Low-luminosity (LL) & ultralong (UL) GRB jets are largely missed 
  consistent w. ν data without violating stacking limits 
- Uncertain so far, but relevant to understand the fate of massive stars 
  → Better (next-generation) wide-field sky monitors are required 

KM+ 06 ApJL predictions 

Γ=5 

IceCube 

Γ=10 

KM & Ioka 13 PRL 

π cooling 

See also: Cholis & Hooper 13, Liu & Wang 13 

20

Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.

SGRs 

TDEs? 

Galac-c sources  

LLGRBs 

SGRBs 

LGRB 

GRB 101225A 

GRB 111209A 

GRB 121027A 

Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.

Levan+14 ApJ 

UL GRB 

classical GRB 

break/cutoff 
(predicted) 



pγ Neutrinos from Active Galactic Nuclei 

AGN core 
(Stecker 05)	

BL Lac jet 
(Mucke+ 03)	

blazar-max. jet 
(Mannheim+ 01)	

Becker 06 PhR 

- Difficult to explain sub-PeV ν flux since ν spectra are too hard 
  → Standard inner jet model has some difficulty in explaining ν data 
- Observed νs may correlate with known (<100) γ-ray bright AGN 

•  Considered as powerful HE ν emitters for more than 20 years 
•  Popular candidate sources of ultrahigh-energy cosmic rays 

See also: 
Kalashev, Kusenko & Essey13 
Stecker 13 
Winter 13 
KM, Inoue & Dermer 14,  
Dermer, KM & Inoue 14 

IceCube 

Many of original models   
have been constrained 
※ For jet emission, pp interactions are  
unimportant (ex. Atoyan & Dermer 03) 	
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Blazars as Powerful EeV ν Sources 

KM, Inoue & Dermer 14 

•  Quasar-hosted blazars: efficient ν production, UHECR damped  
•  BL Lac objects: less efficient ν production, UHE nuclei sources 

- UHECR acc. is the same and their spectrum is a power law 
- Strong prediction: cross-corr. w. known <100 FSRQs → ARA 
- Overwhelming cosmogenic neutrinos 

PeV 

Lcr/Lγ=300 

Lcr/Lγ=100 

for details, Chuck’s talk 



Astrophysical Extragalactic Scenarios 

p+γ→ Nπ + X

Active galactic nuclei	
 γ-ray burst	


Eν	


E2 Φ  

ν  

0.1 TeV PeV 

p+ p→ Nπ + X

Galaxy group/cluster	
Starburst galaxy	


Eν	


E2 Φ  

ν  

0.1 TeV PeV 

CR 

CR 

Relativistic Jets 
(UHECR candidate sources) 

Cosmic-ray Reservoirs 

obs. photon spectra 
& source size 

gas density & 
source size 

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

sν~sCR sν≠sCR 

accretion to 
massive black hole 

core-collapse of  
massive stars 

higher star-formation 
→ more supernovae 

gigantic reservoirs w.  
AGN, galaxy mergers  



- ν data are consistent w. pre-IceCube calculations (within uncertainty) 
- CR diffusive escape naturally makes a ν spectral break (predicted)  
- Various theoretical issues, a single source is too faint to detect 

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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WB Bound

Star Bursts

AMANDA(ν
µ
); Baikal(νe)

Atmospheric→
← GZK

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

pp Neutrinos from Cosmic-Ray Reservoirs 

No. 2, 2008 COSMIC RAYS AND NEUTRINOS FROM CLUSTERS OF GALAXIES L107

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

et al. 2006), we obtain

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

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

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

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

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

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

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

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

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

of massive CGs and is a correction factor for the sourcefz

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

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

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

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

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

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

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

KM et al. 08 ApJL Loeb & Waxman 06 JCAP 

IceCube 

IceCube 

Galaxy group/cluster 
size~3 Mpc, B~0.1-1 µG 

CR sources: AGN, galaxy mergers, virial shocks CR sources: peculiar supernovae, AGN 

Starburst galaxy 
size~0.1-1 kpc, B~0.1-1 mG 
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FIG. 3: The fluctuation of the non-isotropic di↵use flux described by Eq. (7) assuming extended emission regions with radius
15� around each direction in the sky. The events are weighted according to the approximation described in the text. The
blue dashed lines indicate the position of the FBs. The red dashed lines show the GC region containing 25% and 50% of the
emission from DM decay in the Galactic halo.

which are simply given by

Jxgal
⌫

(E)⌫) =
⌦DM⇢cr
4⇡m

X

⌧
X

1Z

0

dz

H(z)
Q

⌫

((1 + z)E
⌫

) , (5)

where H2(z) = H2
0 [⌦⇤ + (1 + z)3⌦m] is the Hubble con-

stant with ⌦m ' 0.3, ⌦⇤ ' 0.7 and H0 ' 70 kmm/s.
The comoving DM density is parametrized via the crit-
ical density ⇢cr ' 5 ⇥ 10�6GeV/cm3 and DM fraction
⌦DM ' 0.27 [62]. Note, that the extragalactic contribu-
tions in the form of �-rays (and electrons/positrons) will
not directly be observable, but initiate electro-magnetic
cascades in the cosmic radiation backgrounds. This will
populate the extragalactic �-ray background in the GeV-
TeV energy range. The extragalactic �-ray background
inferred by Fermi-LAT can thus also constrain this sce-
nario [58].

In the right panel of Fig. 2 we show the total neu-
trino flus as a sum of Eqs.(4) and (5) indicated as a solid
gray line. For comparison, the extragalactic contribu-
tion is indicated separately as a dashed gray line. The
solid, dashed and dotted black lines show the di↵use �-
ray emission from the three sky regions divided by the
red dashed circles in Fig. 3. This indicates the increased
di↵use emission towards the GC. Note, that the GC it-
self is only barely visible by the experiments listed in the
figure. This scenario is hence marginally consistent with
the non-observation of PeV �-rays. However, an observa-
tory in the Southern Hemisphere covering the GC with

a 0.1� 1 PeV �-ray sensitivity comparable to that of the
KASCADE array would be su�cient to constrain this
DM model. Moreover, the all-sky averaged PeV �-ray
flux from DM decay is in reach of future observatories
like HiSCORE or LHAASO.

Note that, in this specific DM decay scenario, the total
neutrino flux is a factor of two higher than the generated
�-ray flux since the neutrino flux includes extragalactic
contributions. Although we only consider X ! hh for
demonstration, di↵erent DM scenarios with line features
or extended decay channels, e.g. X ! ⌧+⌧� can lead
to increased PeV �-ray emission that can already be ex-
cluded by di↵use TeV-PeV �-ray limits.

B. Non-Isotropic Galactic Emission

In the previous section, we demonstrated the power of
PeV �-ray searches. If the observed neutrino emission is
largely isotropic and Galactic, it contradicts existing PeV
�-ray measurements, supporting extragalactic scenarios.
In principle, the observed events could come from Galac-
tic sources that do not accidentally exist in the sky region
covered by various air shower arrays. Indeed, more than
half of IceCube’s events lie within this “blind spot”, so
that we cannot rule out such a possibility. But, since
many events appear significantly out of the GP, power-
ful Galactic accelerators seem to be needed even at high
latitude, which is theoretically challenging. PeV �-ray

Galactic Contributions? 

Ahlers & KM 13 

JCAP11(2013)054
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Figure 3. Comparison of the energy spectrum of observed events in IceCube with the expectations
from DM decay with flux in figure 1 (red-solid) and generic E�2

⌫ flux (blue-dashed). Both the observed
events and predictions include background events due to atmospheric neutrinos and muons [3].

corrections (which are in fact quite large!): despite the fact that no hard neutrino channel is
present at tree level, a su�ciently hard neutrino spectrum can be still obtained with a 40%
branching ratio in e�e+, thanks to the major role played by cascade radiation of massive
gauge bosons (see [22, 23]). This fact may appear surprising, so we provide in the following
a qualitative justification. First of all, even if one mostly radiates “soft” gauge bosons, in
a splitting process (say e�e+ ! e�W+⌫) both the soft and the hard neutrino spectra are
populated: the low-energy one via the soft (single or multiple) W decay process and the
high-energy one via the ⌫’s which the electrons have converted into. Secondly, while naively
these processes are suppressed by a power of ↵ (weak fine structure) with respect to the
three level, the presence of large logarithmic factor (of the type ↵ log(m2

DM/m2
W )) makes

these “corrections” sizable for massive particles, at the level of 10% or larger of the tree-level
result (for more technical details see e.g. [23]). As a consequence, by varying both lifetime
and branching ratio within a factor of only a few with respect to the naive fit obtained
with the ⌫⌫̄ tree-level diagram, one is capable of fitting the spectrum even in the absence of
tree-level neutrino emission. From the model building point of view, a DM decay to e�e+

and ⌫⌫̄ can be naturally constructed from the coupling of DM to the weak SU(2) lepton
doublet (⌫↵, `↵). For an equal decay branching ratio in the two components of the doublet,
the corresponding modification of the parameters {⌧, bH} with respect to the pure ⌫⌫̄ case
best fit parameters is thus less than a factor 2. Other choices for the final states (including
for example massive gauge bosons, top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for illustrative purposes in the following
we shall concentrate on our benchmark case which presents the most marked di↵erences with
respect to a featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by convoluting the flux at Earth
with the exposure of the detector, such that the number of events in the bin �iE⌫ is given by

Ni =

Z

�iE⌫

✓
dJh
dE⌫

+
dJeg
dE⌫

◆
E(E⌫) dE⌫ , (3.1)

where for the exposure E we used the 662 days reported exposure in [20]. The result of
our analysis is shown in figure 3. In this figure the red (solid) and blue (dashed) curves
correspond to expected number of events from DM decay with the spectrum of figure 1 and a

– 6 –

Others: 
Galactic halo 
Unidentified γ-ray sources 
Galactic plane 
Local spiral arms… 

So far, more papers about Galactic sources 
(a fraction of νs are explained except the Galactic halo model) 

Fermi γ-ray bubbles 
 Razzaque 13 
Ahlers & KM 13 
Lunardini et al. 13 

Decaying DM halo 

Feldstein et al. 13,  
Esmaili & Serpico 13, Bai et al. 14 



Multi-Messenger Tests 
and Perspectives 
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Point Source Flux vs Diffuse Flux 

It is hard to difficult to see a single source 
Constraints from clustering & cross-correlation, see Ahlers & Halzen 13 

cf. 
KM, Beacom & Takami 12 JCAP 



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

How to Test?: Multi-Messenger Approach 

p+γ→ Nπ + X → Eγ
2 Φγ ~ (4/3) Eν

2 Φν	


p+ p→ Nπ + X → Eγ
2 Φγ ~ (2/3) Eν

2 Φν 

HE γ	

LE γ	

cosmic photon bkg. 

λγγ	 e 

cosmic photon bkg. 

γ +γCMB/EBL → e+ + e−

realistic fate of γ rays=electromagnetic cascades 
crucial for extragalactic γ rays 

π±:π0~1:1 

π±:π0~2:1 

π 0 → γ +γ

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

Fermi 
satellite 

airshower 
detectors 
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 New Multimessenger Implications from “Measured” Fluxes 

•  sν<2.1-2.2 (for extragal.), sν<2.0 (Gal.) (cf. Milky Way: sγ~2.7) 
(pp scenarios will be disfavored if future ν data at sub-PeV lead to sν>2.2) 

•  contribution to diffuse sub-TeV γ: >30%(SFR evol.)-40% (no evol.) 
(almost excluded if >60-70% of diffuse γ is made by AGN leptonic emission) 

•  IceCube & Fermi data could be explained simultaneously 

KM, Ahlers & Lacki 13 PRDR 

pp scenario	


“comparable fluxes” 
simple but profound 

Fermi data 

per flavor 

γ (injected) 



5

101 102 103 104

Eg [TeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

E
2 J g

[G
eV

cm
�

2
s�

1
sr

�
1 ]

8.5kpc

20kpc

30kpc

pp scenario

GRAPES-3

UMC

HEGRA

EAS-TOP

IC-40 (g)

KASCADE

GAMMA

CASA-MIA

101 102 103 104

Eg [TeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

E
2 J g

[G
eV

cm
�

2
s�

1
sr

�
1 ]

DM decay

X ! hh
mX = 5 PeV

tX = 7⇥1027 s

GRAPES-3

UMC

HEGRA

EAS-TOP

IC-40 (g)

KASCADE

GAMMA

CASA-MIA

FIG. 2: Measurements of the isotropic di↵use �-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the �-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K = 2) and an
exponential cuto↵ 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 o↵ 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 �-ray emission of a generic DM decay scenario assuming a scalar X with mass
mX = 5 PeV and lifetime ⌧X = 7⇥ 1027 s. The solid, dashed and dotted black lines show the di↵use 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.

a zenith angle range of 30� would fully cover this �-ray
“blind spot”.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [57]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the (0.1 � 1) TeV range [23]
only for hard CR power-law spectra, � & 2. This scenario
can be excluded via future constraints on � with contin-
ued neutrino observation in the sub-PeV range and by
limiting the contribution of candidate neutrino sources
to the isotropic gamma-ray background.

Another possible Galactic source of the IceCube excess
consists of very heavy dark matter (DM) in the Galac-
tic halo, which decay or annihilate into Standard Model
particles [e.g., 58, and references therein]. Depending
on the particular model, their particle properties can be
probed by neutrino and �-ray observations. The emis-
sion will be very extended and can be compared to the
limits on the isotropic di↵use �-ray emission. In Fig. 3 we
indicate the Galactic Center region containing 25% and
50% of the local DM decay from the Galactic halo. The
two-body decay of the DM particle may produce PeV

neutrino line features with some continua [27–29]. For
instance, PeV DM gravitinos in R-parity violating su-
persymmetric models would decay into neutrinos and/or
photons. Note that this would also result in high-energy
�-rays that may include a PeV �-ray line feature [59].

In the following we will discuss a simple DM scenario
consisting of a scalar particle X with mass m

X

= 5 PeV
and lifetime ⌧ = 7 ⇥ 1027 s that decays into two Stan-
dard Model Higgs h [29]. This scenario produces a flat
secondary flux of neutrinos with E

⌫

< m
X

/2 that can
resemble the spectral features of the IceCube excess. We
determine the energy distributions Q

⌫

(E
⌫

) and Q
�

(E
�

)
of secondary neutrinos and �-rays, respectively, via the
Monte Carlo code PYTHIA [60]. The 4⇡-averaged di↵use
Galactic emission can then be calculated as

Jgal
⌫/�

(E) =
Q

⌫/�

(E)

8⇡m
X

⌧
X

1Z

0

ds

1Z

�1

dc
↵

⇢(r(s, c
↵

)) , (4)

where ⇢(r) is the spherical mass density of the Galactic
DM halo at radius r, which can be parametrized by the
line-of-sight distance s and angular distance ↵ towards
the GC as r2(s, cos↵) = s2 + R2

� � 2sR� cos↵. We use
the Einasto profile [61] ⇢(r) / exp[�(2/�)(r/20kpc)� ]
with � = 0.17 and normalization ⇢(R�) = 0.4GeV/cm3.

For the correct normalization of the neutrino emission
it is also necessary to include extragalactic contributions

Importance of Future TeV-PeV Limits on Galactic Sources 

•  Existing TeV-PeV γ-ray limits are close to predicted fluxes 
•  No significant overlap between νs and search regions  
•  Need deeper TeV-PeV γ-ray obs. in the Southern Hemisphere 

γ + bkgγ → e+ + e−

Ahlers & KM 13  

Airshower arrays have placed diffuse γ-ray limits at TeV-PeV 
9

For typical nucleon densities of n = 1 cm�3 n0 a sig-
nificant energy fraction ✏

p

of the initial SN ejecta energy
of Eej = 1051 erg Eej,51 can have been transferred to CRs
by the end of the Sedov phase. Note that the ejecta ve-

locity is Vej ' 104 km s�1 E1/2
ej,51M

�1/2
ej,� for the mass of

the ejecta Mej = Mej,�M�. The Sedov radius is RSed =

(3Mej/4⇡n)
1/3 ' 2.1 pc M1/3

ej,�n
�1/3
0 corresponding to the

deceleration time of tSed ' 200 yr E�1/2
ej,51 M

5/6
ej,�n

�1/3
0 [76,

77]. The shock velocity V
s

decreases as / (R/RSed)
�3/2

after tSed. In the Sedov phase, assuming the Bohm limit
and a parallel shock, the maximal proton energy is es-
timated to be E

p,max ' (3/20)eBRV
s

[78], where the
magnetic field is parametrized as B =

p
"
B

nm
p

V 2
s

'
0.46 mG "

1/2
B,�2n

1/2
0 E1/2

ej,51M
�1/2
ej,� (R/RSed)

�3/2 and "
B

is
the fraction of the energy density carried by the mag-
netic field in the shock. This gives the final estimate

of E
p,max ' 4.5 PeV "

1/2
B,�2M

�2/3
ej,� Eej,51n1/6

0 (R/RSed)
�1/2

which is close to the CR knee.

As discussed before, the per flavor neutrino spectral
emissivity is given as E2

⌫

Q
⌫↵ ' (1/6)

p

c�
pp

nE2
p

N
p

(E
p

).
E↵ective CR acceleration to very high energies ceases
at the beginning of the snowplow phase at tsp ' 4 ⇥
104 yr E4/17

ej,51n
�9/17
0 [79]. For a local SN rate of RSN ⇠

0.03 yr�1 the number of active SNRs is of the order of
NSNR ' RSNtsp ' 1200. The cumulative di↵use flux
from SNRs in the GP with �⌦GP ' 0.44 sr (|b| < 2�)
can then be estimated as

E2
⌫

JSNR
⌫↵

⇠ NSNRhrlosi
4⇡VGP

E2
⌫

Q
⌫↵

' 2.2⇥ 10�6 GeV cm�2 s�1 sr�1 1

R0

✓
E

⌫

E
⌫,min

◆2��

⇥ ✏
p,�1Eej,51NSNR,3hrlosi1 , (9)

with E
⌫,min ' 0.05E

p,min and VGP ' 2⇡R2
MWh. Here we

introduce the line-of-sight distance hrlosi averaged over
Galactic longitude and latitude |b| < 2� [80]. For a ho-
mogeneous distribution within radius RMW ' 17 kpc
and scale height h ' 0.1 kpc we derive hrlosi ' 7.5 kpc
(compared to hrlosi ' 4.0 kpc or 2.4 kpc for |b| < 5�

or 10�, respectively). Assuming � = 2.2, R0 ' 4.8 and
hrlosi ' 7.5 kpc we hence have a flux of

E2
⌫

JSNR
⌫↵

' 2.5⇥10�8 GeV cm�2 s�1 sr�1

✓
E

⌫

0.1PeV

◆�0.2

,

(10)
with exponential cuto↵ at E

⌫,max ' 0.2 PeV.

The required CR energy of 20 � 30 PeV for the pro-
duction of 1 PeV neutrinos can be reached by hyper-
novae (HN) with energies of Eej ⇠ 1052 erg [81–83]. One
should keep in mind that most of the HNe are non-
relativistic, and trans-relativistic SNe, which have also
been suggested as powerful CR accelerators [84–86], are
much rarer and not necessarily HNe, e.g., GRB 060218
with Eej ⇠ 2 ⇥ 1051 erg [87]. It has been suggested that
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FIG. 5: The on-source regions of GP di↵use emission used for
the experimental results shown in Fig. 4 using the same color-
coding. We also show the distribution of IceCube events in
the vicinity of the GP (cf. Fig. 1). The circled areas indicate
the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on di↵use �-ray emission along the GP
from HEGRA [48] assume a larger zenith angle range than
for the isotropic di↵use emission listed in Tab. I.

unidentified TeV �-ray sources that may include HN rem-
nants (HNRs) may explain a part of the observed neu-
trino events [25]. The HN rate is ⇠ 1 � 2% of the SN
rate [88, 89], so we expect NHNR ⇠ 20 � 40. Taking a
fiducial value of NHNR = 30, a power index � = 2.2 and
hrlosi ' 7.5 kpc we arrive at

E2
⌫

JHNR
⌫↵

' 6.2⇥10�9 GeV cm�2 s�1 sr�1

✓
E

⌫

0.1PeV

◆�0.2

,

(11)
with exponential cuto↵ at E

⌫,max ' 2 PeV.

In Figure 4 we show the associated flux of di↵use
Galactic CRs and from SNRs/PWNe and HNRs from
Eqs. (8), (11) and (10) 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 indi-
cate observations for a source at the GC where the ab-
sorption e↵ect is strongest [35]. Note that the individual
di↵use TeV-PeV �-ray limits of the GP are for di↵erent
emission regions along the GP as indicated in the legend
of the plot. The relative size of the “on-source” regions of
the experimental results are summarized in Fig. 5. The
di↵use flux prediction (only ⇡0-decay) for |b| < 5� or
|b| < 10� are lower than the |b| < 2� calculation shown
in Fig. 4 by about a factor 2 or 3, respectively.

The intensity of the Galactic di↵use emission (includ-
ing unresolved point source emission and truly di↵use
emission) is also expected to vary along the GP. For a
uniform source distribution or CR density within the GP
(as assumed in our approximation) the flux variation be-
tween the Galactic Center to anti-Center is less than 25%
(omitting absorption). For instance, the flux predictions

Isotropic Limits	
 Galactic Plane	


See also 
Spantisky 14 
Joshi+ 14 
Anchodoqui+ 14 
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Summary: Implications 
Origin of PeV neutrinos: Need more data, no strong preference so far… 
•  Relativistic jets (GRBs & AGN) 

- possible but their standard jet models have some difficulty for PeV νs 
- need careful studies on γ rays including EM cascades in the sources 
 

•  Cosmic-ray reservoirs (starbursts & galaxy groups/clusters) 
consistent w. previous expectations but sν<2.1-2.2 from γ-ray data 
1. determination of sν in the sub-PeV range (IceCube)   
2. understanding diffuse sub-TeV γ-ray origins (Fermi & γ-ray telescopes) 
(pp models are good in the sense that they can be tested in a simple way.) 
 

•  Galactic sources (many possibilities) 
- some of observed ν events may be Galactic 
- diffuse TeV-PeV γ-ray searches in the Southern Hemisphere are useful  
 

•  Cosmological PeV neutrinos can be used for constraining new physics 
(for recent studies, ν decay: ex. Baerwald+ 13, Pakvasa+ 13, Lorentz invariance violation:  
 ex. Borriello+ 13, Anchordoqui+ 14, νν interactions: ex. Ioka & KM 14, Ng & Beacom 14) 



Questions for Future 
•  Spectral features: is the possible ν spectral break/cutoff real? 

 
•  Flavor ratio: consistent w. 1:1:1?  

0.57:1:1 (µ damp), 2.5:1:1 (neutron decay), others (exotic),  
looking for τ-appearance, Glashow-res. etc. 

•  Connection w. ultrahigh-energy cosmic-ray origins? 
PeV ν ⇔ ~20-30 PeV p or ~(20-30)A PeV nuclei (cf. “knee”~3 PeV) 
 
Is Eν

2 Φν∼10-8 GeV cm-2 s-1 sr-1 coincident with the WB bound? 
a. UHECR sources have sCR~2 & fmes~1 

     b. UHECR sources have sCR>>2 & fmes<<1  
        (may be better if observed UHECRs are heavy nuclei) 
      
    ※injected/confined CR spectra ≠ escaping CR spectra 

 

(ex. Pakvasa 0803.1701, Anchordoqui+ 1312.6587) 



- Source identification may not be easy 
  (ex. starbursts: horizon of an average source ~ 1 Mpc) 
- promising cases: “bright transients (GRBs, AGN flares)”,  
  “rare bright sources (powerful AGN)”, “Galactic sources” 
- Not guaranteed but remember the success of γ-ray astrophysics  

Diffuse or Associated	

ν	



