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Introduction

Outline of the talk

1 Introduction

▶ Observations

▶ Cascade limit and implications

2 Neutrinos from the Galactic CR sea – Galactic plane

3 Neutrinos from Galactic CR sources

4 Neutrinos from extended sources
▶ TeV γ-ray excess in Fermi-LAT

▶ Interpretations

5 Conclusions
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Introduction

IceCube events: Soft “low-energy” spectrum?
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Introduction Cascade limit

The photon horizon
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Introduction Cascade limit

Cascade limit: α = 2.1
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Introduction Cascade limit

Cascade limit: α = 2.3
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Introduction Cascade limit

Cascade limit: α = 2.5
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Introduction Cascade limit

Cascade limit:
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requires “hidden sources” or

Galactic origin

Michael Kachelrieß (NTNU Trondheim) Galactic neutrinos VLVNT, 2. October ’18 6 / 30



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Introduction Cascade limit

(Isotropic) photon limits [Ahlers, Murase ’13 ]
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Introduction Cascade limit

(Isotropic) photon limits [Ahlers, Murase ’13 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Hints for a Galactic plane contribution? [Neronov, Semikoz ’14,’15 ]

Neronov & Semikoz ’15: Galactic latitude distribution of 4yr IceCube
data with > 100TeV inconsistent at 3σ with isotropy

Palladino & Vissani ’15: Two component fit, soft Galactic E−2.4

25% Galactic contribution
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Neutrinos from the Galactic CR sea – Galactic plane

Hints for a Galactic plane contribution? [Neronov, Semikoz ’14,’15 ]

Neronov & Semikoz ’15: Galactic latitude distribution of 4yr IceCube
data with > 100TeV inconsistent at 3σ with isotropy

Palladino & Vissani ’15: Two component fit, soft Galactic E−2.4

25% Galactic contribution
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Neutrinos from the Galactic CR sea – Galactic plane

Expectation:
CR interactions with gas in Galactic plane give guaranteed ν flux
. [Berezinsky, Smirnov ’75 ]

. [Gaggero et al. ’15, Pagliaroli, Evoli, Villante ’17, . . . ]

agreement: 10-20% Galactic contribution at 100TeV
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Neutrinos from the Galactic CR sea – Galactic plane

Expectation:
CR interactions with gas in Galactic plane give guaranteed ν flux
. [Berezinsky, Smirnov ’75 ]

. [Gaggero et al. ’15, Pagliaroli, Evoli, Villante ’17, . . . ]

agreement: 10-20% Galactic contribution at 100TeV

However, uncertainties are very large:

elemental composition unclear, but Zν ∝ A1−γ

CRs locally measured

close to knee diffusion may be unreliable

gas density
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition

Kascade-Grande: dependenc on interaction model
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition

Kascade-Grande: dependenc on interaction model
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition [Gaisser, Stanev & Tilav ’13 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition [Hörandel ’0? ]
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Neutrinos from the Galactic CR sea – Galactic plane

Resulting ν fluxes (τ = 1 at PeV) [MK, Ostapchenko ’14 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition
ARGO-YBJ: position of “p+He knee” ≃ 700TeV

the other measurements was found to be less than 9%,
which makes us confident on the hybrid observation and
the new analysis techniques developed for the measurement
of both the absolute flux and the primary energy.
In the current analysis we adopt the same technique

described in [18] but with looser cuts, in order to have a
larger statistics and reach higher energies. As a conse-
quence, the selected event sample purity is reduced to 93%
below 700 TeV assuming the same composition model.
Since the contamination of heavy nuclei increases with
energy (see Fig. 8), the heavy contaminant not only
increases the observed H&He spectrum flux, but also
changes the spectrum index. To estimate how much the
heavy contaminants introduced by the looser selection cuts
affect the spectrum shape and index, we tried to subtract
them from the spectrum by using the composition model
given in Ref. [34]. We simulated the number of heavy
nuclei that passed the selection cuts for each energy bin.
The result is reported in the last row of Table I. Fitting
the spectrum after the subtraction of these events, we

obtain Ek ¼ 770" 200 TeV, JðEkÞ ¼ ð3.25" 0.22Þ×
10−12 GeV−1m−2 s−1 sr−1, β1 ¼ −2.62" 0.05, and
β2 ¼ −3.58" 0.50. This value of β1 is in excellent agree-
ment with the spectral index −2.63" 0.06 in our previous
report, and correspondingly consistent with the spectral
indexes reported by CREAM [7] and ARGO-YBJ [15,16].
The statistical significance of the observed knee feature

reported in Fig. 10 was estimated by comparing the number
of events observed above the knee with the number of
events expected by extending at PeVenergies the spectrum
measured below the knee. The number of expected events
in the three energy bins above the knee is 82, 39 and 20,
respectively. The difference between the observed number
of events (see Table I) and the expectation from a single
power-law spectrum corresponds to a deficit with a
statistical significance of 4.2 standard deviations. To see
if any artificial feature could have been produced in our

TABLE I. Relevant data related to the H&He spectrum evaluation. For each energy bin of the spectrum, the table reports (1) the
logarithm of the energy, (2) the number of H&He-like events, (3) the measured flux, (4) the aperture, (5) the energy resolution, (6) the
energy offset in the energy reconstruction, (7) the number of contaminating heavy nuclei evaluated under the assumptions given in
the text.

log10ðEmin=1 TeVÞ-log10ðEmax=1 TeVÞ 2.1–2.3 2.3–2.5 2.5–2.7 2.7–2.9 2.9–3.1 3.1–3.3 3.3–3.5
log10ðEcenter=1 TeVÞ 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Number of events 1030 640 339 156 64 21 9
1012 × FluxðGeV−1 m−2 s−1 sr−1Þ 212.1" 6.6 63.1" 2.5 20.9" 1.1 6.01" 0.48 1.51" 0.19 0.315" 0.069 0.083" 0.028
Aperture (m2 sr) 90.6 119.4 120.3 121.7 125.7 124.5 128.5
Energy resolution 26.2% 25.7% 24.9% 25.1% 24.6% 24.2% 23.8%
Energy offset −0.04% −0.6% −0.3% 1.9% 2.2% 1.0% 0.1%
Contaminating heavy nuclei 20.1þ6.0

−4.5 39.2þ5.5
−10.0 28.2þ2.5

−7.4 13.7þ1.0
−3.5 9.4þ1.4

−2.4 5.3þ1.4
−1.3 3.4þ1.2

−0.8

Energy (GeV)
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1.
65

(G
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)
-1

.s
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r)
2

 (m
2.

65
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Fl
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This work
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Tibet-Phase II SIBYLL

FIG. 10 (color online). H&He spectrum obtained by the hybrid
experiment with ARGO-YBJ and the imaging Cherenkov tele-
scope. A clear knee structure is observed around 700 TeV. The
H&He spectra by CREAM [7], ARGO-YBJ [16] and the hybrid
experiment [18] below the knee, the spectra by Tibet ASγ [9] and
KASCADE [10] above the knee are shown for comparison. In our
result, the error bar is the statistical error, and the shaded area
represents the systematic uncertainty.

TABLE II. Summary of systematic uncertainties.

1. Systematic uncertainties in the absolute energy measurement:

Weather/atmosphere conditions "7.6%
Photometric calibration "5.6%
Interaction models "2.1%
Composition models "1%

2. Systematic uncertainties on the H&He flux:

The contamination
of heavy nucleia

−ð1.5 ∼ 2.5Þ%@158 TeV

−ð29 ∼ 51Þ%@2.5 PeV
ARGO-YBJ RPC calibration "7%
Interaction models "4.2%
Boundary selection "3%
H&He selection efficiencies "3%
Saturation of RPCs "0.03%

aContamination of heavy nuclei is not constant with energy
and is dependent on composition models. The composition
models of Ref. [34], Ref. [36] and Ref. [38] are assumed to
estimated the uncertainties.

B. BARTOLI et al. PHYSICAL REVIEW D 92, 092005 (2015)

092005-8

neutrino knee at ≃ 20–40TeV

Michael Kachelrieß (NTNU Trondheim) Galactic neutrinos VLVNT, 2. October ’18 13 / 30



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition
ARGO-YBJ: position of “p+He knee” ≃ 700TeV
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: CR composition

ARGO-YBJ: position of “p+He knee” ≃ 700TeV
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: diffusion approach
diffusion picture requires RL(E∗) ≪ Lcoh/(2π)
for Lcoh ∼ 50 pc and B ∼ fewµG: E∗ ≃ 1016 eV

LOFAR: lcoh <∼ 10 pc in disc
diffusion has to be anisotropic [Giacinti, MK, Semikoz ’18 ]

grammage X(E) in the “escape model” [Giacinti, MK, Semikoz ’14,’15 ]

⇒ reduced τ above few∼ 1015 eV
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: diffusion approach
diffusion picture requires RL(E∗) ≪ Lcoh/(2π)
for Lcoh ∼ 50 pc and B ∼ fewµG: E∗ ≃ 1016 eV

LOFAR: lcoh <∼ 10 pc in disc
diffusion has to be anisotropic [Giacinti, MK, Semikoz ’18 ]

grammage X(E) in the “escape model” [Giacinti, MK, Semikoz ’14,’15 ]
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⇒ reduced τ above few∼ 1015 eV
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: diffusion approach
diffusion picture requires RL(E∗) ≪ Lcoh/(2π)
for Lcoh ∼ 50 pc and B ∼ fewµG: E∗ ≃ 1016 eV

LOFAR: lcoh <∼ 10 pc in disc
diffusion has to be anisotropic [Giacinti, MK, Semikoz ’18 ]

grammage X(E) in the “escape model” [Giacinti, MK, Semikoz ’14,’15 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: deviations from local spectrum
CR slope from molecular clouds: α ≃ 2.4 [Neronov, Malyshev, Semikoz ’17 ]
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agrees with local slope of nuclei (and δ = 1/3).
deviation of αp ≃ 2.7 vs αnuc ≃ 2.5 local effect?
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: deviations from local spectrum

CR slope from molecular clouds: α ≃ 2.4 [Neronov, Malyshev, Semikoz ’17 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: deviation from local spectrum
explanations: local source [MK, Neronov, Semikoz ’15 ]

diffusion depends on ρ, D = D(ρ)

[Yang, Aharonian, Evoli ’16 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Uncertainties: deviation from local spectrum
explanations: local source [MK, Neronov, Semikoz ’15 ]

diffusion depends on ρ, D = D(ρ)

[Yang, Aharonian, Evoli ’16 ]
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Neutrinos from the Galactic CR sea – Galactic plane

Detection prospects: [Pagliaroli, Evoli, Villante ’16 ]
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Close to GC: always an excess rel. extragal.

detectability requires good angular resolution
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Neutrinos from the Galactic CR sea – Galactic plane

Detection prospects: [Pagliaroli, Evoli, Villante ’16 ]
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Neutrinos from Galactic CR sources

Galactic sources

at low energies:
▶ many sources, large confinement times

⇒ average CR sea plus few recent sources

close to the knee:

▶ CRs in PeV range spread fast

▶ few extreme sources

⇒ inhomogenous CR sea, extended sources

⇒ no clear distinction between point sources
vs. Galactic bulge + plane cases

connection to γ rays:

▶ sources transparent: φγ(E) ↔ φν(E)

▶ but requires extrapolation above 10TeV

young SNRs, Cygnus region, Fermi bubbles, Galactic center
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Neutrinos from Galactic CR sources

Galactic sources

at low energies:
▶ many sources, large confinement times

⇒ average CR sea plus few recent sources

close to the knee:
▶ CRs in PeV range spread fast

▶ few extreme sources

⇒ inhomogenous CR sea, extended sources

⇒ no clear distinction between point sources
vs. Galactic bulge + plane cases

connection to γ rays:

▶ sources transparent: φγ(E) ↔ φν(E)

▶ but requires extrapolation above 10TeV

young SNRs, Cygnus region, Fermi bubbles, Galactic center
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Neutrinos from Galactic CR sources

Galactic sources

at low energies:
▶ many sources, large confinement times

⇒ average CR sea plus few recent sources

close to the knee:
▶ CRs in PeV range spread fast

▶ few extreme sources

⇒ inhomogenous CR sea, extended sources

⇒ no clear distinction between point sources
vs. Galactic bulge + plane cases

connection to γ rays:
▶ sources transparent: φγ(E) ↔ φν(E)

▶ but requires extrapolation above 10TeV

young SNRs, Cygnus region, Fermi bubbles, Galactic center
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Neutrinos from Galactic CR sources

Galactic center
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[Gaggero et al. ’17 ]
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Neutrinos from Galactic CR sources

Galactic center
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[Gaggero et al. ’17 ]
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Neutrinos from Galactic CR sources

Antares–IceCube limit
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Neutrinos from Galactic CR sources

Slow diffusion around sources: Geminga
D

(1
00

 T
eV

) 
[c

m
2 /s

]

Lc [pc]

HAWC (3 µG)
Brms = 3 µG

2 µG
4 µG
5 µG

 10
 27

 10
 28

 0.1  1  10

[López-Coto, Giacinti ’17 ]

possible explanations:
▶ weak regular field, smallish Lcoh

▶ self-generated turbulence by CRs [ Evoli, Linden, Morlino ’18 ]
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Neutrinos from Galactic CR sources

Slow diffusion around sources: Geminga
D
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[López-Coto, Giacinti ’17 ]

possible explanations:
▶ weak regular field, smallish Lcoh

▶ self-generated turbulence by CRs [ Evoli, Linden, Morlino ’18 ]
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Neutrinos from extended sources

Sources in Local & Loop I superbubble [Andersen, MK, Semikoz ’17 ]
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Neutrinos from extended sources

Sources in Local & Loop I superbubble [Andersen, MK, Semikoz ’17 ]
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Neutrinos from extended sources

Sources in Local & Loop I superbubble [Andersen, MK, Semikoz ’17 ]
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Neutrinos from extended sources

Sources in Local & Loop I superbubble [Andersen, MK, Semikoz ’17 ]
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Neutrinos from extended sources TeV γ-ray excess

Are multi-TeV photons in the Fermi data? [Neronov, MK, Semikoz ’18 ]

Caveats Analyzing LAT Pass 8 Data:

“. . . because the validation process was hampered by lack of statistics,
using data below 30 MeV or above 1 TeV is discouraged.”

gtlike tool has limit 850GeV

eff. area & energy resolution up to 3.2TeV:
15% at 1TeV & 25% at 3TeV

⇒ aperture photometry possible
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Neutrinos from extended sources TeV γ-ray excess

Are multi-TeV photons in the Fermi data? [Neronov, MK, Semikoz ’18 ]

Caveats Analyzing LAT Pass 8 Data:

“. . . because the validation process was hampered by lack of statistics,
using data below 30 MeV or above 1 TeV is discouraged.”

gtlike tool has limit 850GeV

eff. area & energy resolution up to 3.2TeV:
15% at 1TeV & 25% at 3TeV

⇒ aperture photometry possible
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Neutrinos from extended sources TeV γ-ray excess

Cross calibration test: Galactic plane
Galactic plane (|b| < 5◦ and 40◦ < l < 100◦) spectrum from
ARGO-YBJ and Milagro
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Neutrinos from extended sources TeV γ-ray excess

Extension to 3TeV for |b| > 20◦:
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residual CR
IGRB
|b| > 20 , total counts
|b| > 20 , PS, IGRB & CR subtracted

bin 1–1.7TeV: expected 14 (18.5) for nominal (renormalised)
exposure
observed (after subtr. CR): 47
bin 1.7–3TeV: expected 2.4 (3.5.5), observed 17
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Neutrinos from extended sources TeV γ-ray excess

Extension to 3TeV for |b| > 20◦:
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Neutrinos from extended sources TeV γ-ray excess

Adding neutrinos:
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Neutrinos from extended sources Intepretation

Possible explanations:
interface Loop I/local superbubble: strong dipole?

extended CR halo

PeV dark matter: re-incarnation of SHDM idea for AGASA excess:

▶ non-hermal DM

▶ avoids cascacde limit

▶ Galactic anisotropy
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Neutrinos from extended sources Intepretation

Possible explanations:
interface Loop I/local superbubble: strong dipole?
extended CR halo [Taylor, Gabici, Aharonian ’14 ]

[Dolag ’02 ]

PeV dark matter: re-incarnation of SHDM idea for AGASA excess:

▶ non-hermal DM

▶ avoids cascacde limit

▶ Galactic anisotropy
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Neutrinos from extended sources Intepretation

Possible explanations:
interface Loop I/local superbubble: strong dipole?
extended CR halo

[Dolag ’02 ]

for B ∼ 0.01µG and Lcoh ∼ 100 pc:
⇒ CR with E∗ = 100TeV is in large-angle scattering regime
⇒ D(E∗) ∼ 1029cm2/s
⇒ escape time τ = H2/2D ∼ t0

PeV dark matter: re-incarnation of SHDM idea for AGASA excess:

▶ non-hermal DM

▶ avoids cascacde limit

▶ Galactic anisotropy
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Neutrinos from extended sources Intepretation

Possible explanations:
interface Loop I/local superbubble: strong dipole?
extended CR halo

PeV dark matter: re-incarnation of SHDM idea for AGASA excess:

▶ non-hermal DM

▶ avoids cascacde limit

▶ Galactic anisotropy
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Neutrinos from extended sources Intepretation

PeV dark matter

DM ® ΝeΝ e H15%L, bb H85%L

DM ® ΝeΝ e H12%L, cc H88%L

DM ® e-e+ H40%L, qq H60%L

1 10 10
2

10
3

10
-11

10
-10

EΝ HTeVL

E
Ν2
d
J
�d

E
Ν
HT

e
V

c
m
-

2
s-

1
s
r-

1
L

[Kusenko et al. ’13, Esmaili, Serpico ’13 ]
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Neutrinos from extended sources Intepretation

Possible explanations: heavy dark matter

0.000000001

0.000000010

0.000000100

0.000001000

	1x1010 	1x1011 	1x1012 	1x1013 	1x1014 	1x1015 	1x1016

nu	tot
gam	gal

gam	gal	ICS
gam	ex	casc

gam	tot
IceCube

Fermi
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Summary

Summary

1 EGRB constrains stronly neutrino sources:

▶ slope of extragal. neutrino α <∼ 2.2

▶ neutrino sources are not main source class of EGRB

2 Standard Galactic neutrinos:

▶ northern km3 telescope very useful

▶ important info on propagation and acceleration

3 Soft neutrino signal in IceCube:

▶ isotropy: extragalactic or large Galactic halo

▶ TeV γ-ray excess consistent with neutrino flux
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