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Multi-messenger paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

• Pion production of CRs with gas and
radiation followed by:

π+ → µ+ + νµ

µ+ → e+ + νe + ν̄µ

π0 → γ + γ

Ü Neutrinos are smoking-gun
messengers of CR sources.

• typtical energy relations:

Eν ' 1
2

Eγ ' 1
20

EN

CR

ν

γ
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Very-High-Energy Cosmic Rays (CRs)

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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[Particle Data Group’13, pdg.lbl.gov]
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Very-High Energy γ-rays
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Galactic Cosmic Rays
• Galactic supernova (SN) remnants with

1051 erg and 3 SNe per century

• Galactic CRs via diffusive shock
acceleration (efficiency ∼ 10%)?

[Baade & Zwicky’34]

dN
dE
∝ E−(2.2−2.4) (at source)

Ep,max ' 4.5 PeV ε
1/2
B,−2M−2/3

ej,� Eej,51n1/6
0

• energy-dependent diffusive escape
from Galaxy

dN
dE
∝ E−2.7 (observed)

• indirect (diffuse) & direct (“pion bump”)
evidence via γ-ray radiation

[Drury, Aharonian & Völk’94; Fermi’13]
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c−1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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Galactic sources of HE Neutrinos
• SNR and molecular clouds [Gabici & Aharonian’07]

• x-ray binaries / microquasars [Levinson & Waxman’01; Distefano et al.’02; Anchordoqui et al.’03]

• pulsars / magnetars
[Goldreich & Julian’69; Blasi, Epstein & Olinto’00; Arons’03; Murase, Meszaros & Zhang’09]

• hypernovae [Fox, Kashiyama & Meszaros’13; MA & Murase’13; Liu et al.’14]

• TeV associations (point-source & extended)
[e.g. Kistler & Beacom’06; Gabici et al.’08; Halzen, Kappes & Ó Murchadha’08]

[Fox, Kashiyama & Meszaros’13; Neronov, Semikoz & Tchernin’13]

• diffuse Galactic Plane emission [Stecker’78; Berezinsky et al.’92; Ingelman & Thunman’96]

[MA & Murase’13; Kachelriess & Ostapchenko’14]

• diffuse Galactic Halo emission [Feldmann, Hooper & Gnedin’12; Taylor, Gabici & Aharonian’14]

• “Fermi bubbles” [Su, Slatjer & Finkbeiner’11; Crocker & Aharonian’11; Lunardini & Razzaque’12]

[MA & Murase’13; Razzaque’13; Lunardini et al.’13 ]

• PeV dark matter decay [Feldstein et al.’13; Esmaili & Serpico’13; Bai, Lu & Salvado’13]
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Very-High Energy Neutrinos

• high-energy atmospheric
νµ/νe-spectrum as seen
by IC-40 & IC-79/DC

[IceCube’11,’12]

• irreducible background for
PS studies at Eν . 1 TeV

• predicted prompt
atmospheric ν-fluxes
(charmed meson decay)

[Enberg et al.’08]

Ü high-energy starting event
(HESE) analysis

[IceCube Science’13]
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“IceCube excess” (3yrs)
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proportional to deposited energy (30 TeV to 2 PeV); data from [arXiv:1405.5303]
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“IceCube excess” (3yrs)

• IceCube observes 36(+1) events over a period of three years, while 6.6+5.9
−1.6 and

8.4+4.2
−4.2 are expected from atmospheric neutrinos and muons, respectively.

[IceCube’13,’14]

• flux excess at 4.8σ for combined 35+2 fit

• isotropic and flavor-universal

• no significant time-clustering

• E−2 spectrum favors cutoff/break at 2− 5 PeV

• best-fit of the HESE E−2-spectrum:

E2
νJIC
να ' (0.95± 0.3)× 10−8GeVs−1cm2sr−1

• Consistent with classical diffuse analysis of muon neutrinos (IC-79/86)!
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Galactic Neutrino Limits

• upper flux limits and
sensitivities of Galactic neutrino
sources with “classical” muon
neutrino search

• point sources: θres ' 0.3◦ – 0.6◦

• discrimination w.r.t. background
from spatial (& time) clustering and
energy

• sensitivity for extended sources
increases by

√
ΩES/ΩPSF ' θES/θres

• strongest limits for sources in the
Northern Hemisphere (IceCube
FoV for upgoing ν’s)

– 12 –
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Fig. 3.— 90 % C.L. flux upper limits and sensitivities on the muon neutrino flux for six years

of ANTARES data. IceCube results are also shown for comparison. The light-blue markers

show the upper limit for any point source located in the ANTARES visible sky in declination

bands of 1◦. The solid blue (red) line indicates the ANTARES (IceCube) sensitivity for a

point-source with an E−2 spectrum as a function of the declination. The blue (red) squares

represent the upper limits for the ANTARES (IceCube) candidate sources. Finally, the

dashed dark blue (red) line indicates the ANTARES (IceCube) sensitivity for a point-source

and for neutrino energies lower than 100 TeV, which shows that the IceCube sensitivity for

sources in the Southern hemisphere is mostly due to events of higher energy. The IceCube

results were derived from M. G. Aartsen et al. (2013c).

[summary plot by ANTARES’14]
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Galactic Neutrino Limits

Galactic
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• relative strength of neutrino limits assuming hadronic TeV γ-ray emission
(only shown for selected strong sources):

Fγ(Eγ > Eth)/F90CL
ν (Eν > Eth/2)

8 caveats: soft spectra, low energy cutoffs and extended emission
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Diffuse emission in GP

• diffuse γ-ray & ν emission from CR
propagation (|b| < 2◦)

• unresolved supernova remnants:
RSN ' 0.03yr−1

Eej ' 1051 erg
NSNR ' 1200

• unresolved hypernova remnants:
RHN ' 0.01RSN

Eej ' 1052 erg
NHNR ' 20

• flux concentrated in Galactic
Plane:
J ∝ 50% for |b| < 5◦

J ∝ 30% for |b| < 10◦

• however, this does not account for
local fluctuation

[MA & Murase 1309.4077]
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Diffuse emission in GP

• diffuse γ-ray & ν emission from CR
propagation (|b| < 2◦)

• unresolved supernova remnants:
RSN ' 0.03yr−1

Eej ' 1051 erg
NSNR ' 1200

• unresolved hypernova remnants:
RHN ' 0.01RSN

Eej ' 1052 erg
NHNR ' 20

• flux concentrated in Galactic
Plane:
J ∝ 50% for |b| < 5◦

J ∝ 30% for |b| < 10◦

• however, this does not account for
local fluctuation

[MA & Murase 1309.4077] 100 101 102 103
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Diffuse emission in GP
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• on-source search regions of TeV-PeV diffuse γ-rays from Galactic Plane

• no significant overlap [MA & Murase 1309.4077]

Ü talk by Anna Bernhard (IceCube) on ν search in Cygnus region
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Fermi Bubbles

• two extended GeV γ-ray emission
regions close to the Galactic
Center [Su, Slatyer & Finkbeiner’10]

• hard spectra and relatively uniform
emission

• some correlation with WMAP haze
and X-ray observation

• model 1: hadronuclear interactions
of CRs accelerated by star-burst
driven winds and convected over
few 109 years [Crocker & Aharonian’11]

• model 2: leptonic emission from
2nd order Fermi acceleration of
electrons [Mertsch & Sarkar’11]

Ü probed by associated neutrino
production [Lunardini & Razzaque’12]
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Fig. 18.— Comparison of the Fermi bubbles with features in other maps. Top left: Point-source subtracted 1 − 5 GeV Fermi-LAT 1.6
yr map, same as the lower left panel of Figure 3 with north and south bubble edges marked with green dashed line, and north arc in blue
dashed line. The approximate edge of the Loop I feature is plotted in red dotted line, and the “donut” in purple dot-dashed line. Top
right: The Haslam 408 MHz map overplotted with the same red dotted line as the top left panel. The red dotted line remarkably traces
the edge of the bright Loop I feature in the Haslam soft synchrotron map. Bottom left: the ROSAT 1.5 keV X-ray map is shown together
with the same color lines marking the prominent Fermi bubble features. Bottom right: WMAP haze at K-band 23 GHz overplotted with
Fermi bubble edges. The ROSAT X-ray features and the WMAP haze trace the Fermi bubbles well, suggesting a common origin for these
features.

shown in Figure 16, the Loop I correlated emission also
has a softer spectrum than the Fermi bubble emission.

The Loop I feature in the ROSAT map similarly has a
softer spectrum than the limb-brightened X-ray bubble

edges: as shown in Figure 20, when a low-energy map
is subtracted from a higher-energy map in such a way

that Loop I vanishes, the bubble edges remain bright.
We also see additional shell structures which follow the

Fermi bubble edges and the northern arc in the Haslam
408 MHz map (top row of Figure 26).

The Fermi bubbles are morphologically and spectrally
distinct from both the π0 emission and the IC and
bremsstrahlung emission from the disk electrons. As we

have shown in Figure 12 to Figure 17, the Fermi bub-
bles have a distinctly hard spectrum, dNγ/dE ∼ E−2,

with no evidence of spatial variation across the bub-
bles. As shown in Figure 23, an electron population

with dNe/dE ∼ E−2−2.5 is required to produce these
gamma rays by IC scattering: this is comparable to the

spectrum of electrons accelerated by supernova shocks or
polar cap acceleration (Biermann et al. 2010). However,

diffusive propagation and cooling would be expected to
soften the spectrum, making it difficult to explain the

Fermi bubbles by IC scattering from a steady-state pop-
ulation of these electrons (a single brief injection of elec-

trons with dN/dE ∼ E−2 could generate a sufficiently
hard spectrum for the bubbles if there was a mechanism
to transport them throughout the bubble without sig-

nificant cooling). The facts strongly suggest that a dis-
tinct electron component with a harder spectrum than

[Su, Slatyer & Finkbeiner’11]
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Fermi Bubbles
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Fermi Bubbles

3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measured p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E−2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fit E−2 astrophysical spectrum with
a per-flavor normalization (1:1:1) of E2Fn(E) = 1.2 × 10−8 GeV cm−2 s−1 sr−1.
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Fermi Bubbles ?
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[MA & Murase 1309.4077]

• small zenith “excess” in IceCube excess (but not significant)

• Galactic Center source(s) of extended source, e.g. “Fermi Bubbles”?
[Finkbeiner, Su & Slatyer’10]

• FB “excess” in agreement with GeV-PeV neutrino & γ-ray observations and limits
assuming Γ ' 2.2
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Contrast of GC excess

• Galactic Center (GC) flux:

FGC ' LGC

4πd2
GC

• (quasi-)diffuse flux from similar galaxies:

Fdiff =
1

4π

∫
dz

dVC

dz
H(z)

LGC

4πdL(z)2 '
L

4π
ξzH0

H0

Ü flux ratio depend on local source density H0 and evolution parameter ξz:

FGC

4πFdiff
' H0

4πξzH0d2
GC
' 100

(
ξz

2.4

)−1( H0

10−3

)−1

• “benchmark” local density H0 ' 10−3–10−2 Mpc−3 (normal galaxies)

• “benchmark” evolution ξz ' 2.4 (star-formation rate)

Ü Additional component needed for full observation.
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DM decay
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DM decay
• heavy (>PeV) DM decay?

[Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105; Bai, Lu & Salvado 1311.5864]

• initially motivated by PeV “line-feature”, but continuum spectrum with/without line
spectrum equally possible

Ü observable PeV γ-rays from the Milky Way halo?

5

Eq. (9) as well as to scramble in terms of the DM pro-
file when we calculate the TS distribution. We show the
results in Fig. 5 for di↵erent values of ↵̄, which clearly
show that the pure galactic DM explanation for the data
is not preferred for a wide range of ↵̄. For the 21 cas-
cade events and for a flatter DM profile with a larger ↵̄,
there is still a non-negligible Type-I error for rejecting
the pure galactic DM explanation. We have also checked
and found that the IceCube data can not exclude the
pure galactic DM explanation with an isothermal DM
profile, ⇢DM(r) = ⇢0/(1 + r2/r2

c ), with a core radius of
rc = 1 kpc [28].
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FIG. 5: The p-values as a function of ↵̄ of the Einasto DM
profiles. A suggestive p-value of 0.05 to exclude a certain DM
model is shown in the horizontal and black line. Here, we have
S=homogeneous and B=DM, to have the DM distribution as
the null hypothesis.

Neutrino spectra from dark matter decays The
energy spectrum of the IceCube neutrino excess has in-
teresting features [5]. First, there are two isolated events
at around 1 PeV [8] with one at 1.04 ± 0.16 PeV and the
other one at 1.14 ± 0.17 PeV. Secondly, there is an po-
tential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there is an
energy gap or no neutrino events observed in the energy
range of ⇠ (0.3, 1) PeV, which is not significant at this
moment. Although a wide range of the energy spectrum
can be fit by an E�2 feature [5], it is still interesting
to explore potential DM produced spectra from particle
physics.

To fit the observed spectrum at IceCube, one also
needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which are only slightly di↵erent from Ref. [17].
Because the uncertainties on the acceptance areas and
the large statistical errors, the current IceCube data is

not su�cient to distinguish spectra among di↵erent par-
ticle physics models. So, we consider several represen-
tative decaying DM models and study their fit to the
observed energy spectrum. We consider candidate mod-
els according to the operator dimensions of DM coupling
to SM particles.
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FIG. 6: The fitted spectra for several DM decay channels.
The black and solid line is the atmospheric backgrounds [6, 7].
For the two fermion DM cases, the DM mass is 2.2 PeV and
both lifetimes are ⌧� = 3.5 ⇥ 1029 s. For the two scalar DM
cases, the DM mass is 5 PeV and the lifetimes are 9.2⇥1028 s
and 4.6 ⇥ 1029 s, for 2h and ⌧� + ⌧+ channels, respectively.

At the renormalizable level and for a fermion DM �,
we consider the operator �H̃L̄L � for DM coupling to
the Higgs field in the SM or �HLL̄L� in the lepton-
specific two-Higgs doublet models, which has DM decays
as � ! h + ⌫ and � ! ⌫ + HL ! ⌫ + ⌧+ + ⌧�, re-
spectively. Fixing the fermion DM mass to 2.2 PeV, we
show the fitted spectra in Fig. 6 after using PYTHIA [29]
for SM particles decay and hadronization. We sum the
experimental error and systematical background error
in quadrature to calculate the total chi-square for the
goodness of fit. For the two fermion DM decay spec-
tra, a dip feature exists because of the combination of
mono-energetic and continuous neutrinos. For a scalar
DM, one can have the renormalizable coupling to the SM
Higgs boson as simple as µ XHH†, which simply medi-
ates the decay of X ! 2h. Beyond the renormalizable
level, one could have DM mainly couple to two leptons
via ✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�.
Fixing the scalar DM mass to be 5 PeV, we also show
the fitted spectra in Fig. 6 (see [14, 30] for other spectra
from DM decays).

Conclusions and discussion Our geometrical
analysis has already shown that a combination of the
galactic DM contribution and a homogenous spectrum,
which could be due to additional extragalactic sources,
provides the best fit to the data. A purely galactic DM
origin for the 28 events is not preferred unless a flatter

[Bai, Lu & Salvado’13]
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Contrast of DM decay

• Galactic neutrino flux from DM decay:

Fgal =
Qν

mXτX

1
2

1∫
−1

dcα

∞∫
0

ds ρgal(r(s, cα)) ' Qν
mXτX

〈ρgal〉dhalo

• Extragalactic diffuse signal:

Fdiff =
ΩDMρcr

4πmXτX

∞∫
0

dz
H(z)

Qν((1 + z)Eν) ' 1
4π

Qν
mXτX

ξzΩDMρcr

H0

Ü flux ratio:
Fgal

4πFdiff
' 〈ρgal〉

ΩDMρcr

dhalo

ξz/H0
' 1

(
dhalo

20kpc

)(
ξz

0.5

)−1

Ü Similar contributions from Galactic and extragalactic DM decay.
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PeV γ-ray associations (isotropic)

• IceCube-equivalent diffuse γ-ray flux:

EγJγ(Eγ) ' e
− d

λγγ
2
K

1
3

∑
να

EνJIC
να(Eν)

• absorption length λγγ via γγ → e+e−

• effect strongest for CMB in PeV range:
λγγ ' 10 kpc

• plot shows distance d from 8.5 kpc
(GC) to 30 kpc

Ü strong constraints of isotropic diffuse
Galactic emission from γ-ray
observatories [Gupta 1305.4123]
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[MA & Murase 1309.4077]
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PeV γ-ray associations (isotropic)
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• 16 events lie in TeV-PeV “blind spot” [MA & Murase 1309.4077]

• one PeV event (“Ernie”) within 10◦ of PeV γ-ray “warm spot” [IceCube’12]
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Conclusions

• Presence of Galactic CR sources requires the existence of high-energy neutrino
sources.

• Non-observation is consistent with present indirect limits from γ-ray
observatories, but sensitivity can target “Crab”-like hadronic fluxes.

• Neutrino detector with ∼ 5 times effective area (∼ 10 times volume) sensitive to
neutrino production in Cygnus region.

• Galactic origin of or contribution to recent IceCube observation is
challenging, but possible.

• If present, Galactic sources could emerge as spatial anisotropy and/or via PeV
γ-ray emission.
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