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Galactic Cosmic Ray Accelerators

ν
π± 

[PDG 2018]

Galactic Extragalactic

• The search for Galactic cosmic neutrino sources concentrates on the search 
for “Pevatrons” which have the required energetics to produce cosmic rays 
up to the knee in the spectrum.  

• “Pevatrons” will produce pionic 𝛾-rays whose spectrum extends to several 
hundred TeV without cut-off. 

• Supernova remnant meet these condition. 
• TeV 𝛾-rays should be accompanied by TeV neutrinos, observable by IceCube.
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Galactic Plane at High Energies
Galactic plane in 10 TeV gamma rays                         Sources were identified 

in the initial map of 
Milagro that were the 
most significant 
sources after Crab. The 
idea was to look for 
supernova remnants in 
star forming regions.

Southern  
Hemisphere 
Sky

Figure 8.12: Milagro’s TeV gamma-ray sources and source candidates. The numbers show the pre-trials significance for each
source.

155

[Milagro]

Neutrino spectra for all sources
• Early predictions: IceCube should 

observe sources after 5 years. 
[Beacom+2007, Halzen+2008, Gonzalez-Garcia+2009]

[Halzen+2008]



HAWC VHE Survey of the Galaxy

[HAWC 2017]
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Galactic

3 years, E > 0.3 TeV



HAWC VHE Survey of the Galaxy

[HAWC 2017]
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Galactic

3 years, E > 0.3 TeV
Galactic plane at E>56 TeV
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Joint IceCube-HAWC Search

✓HAWC targets the portion of sky IceCube is the most sensitive.

✓HAWC operates at very high energies related to IceCube.

✓HAWC can study sources with any extension.

• Using 2HWC Catalog, we perform

• Stacked Search for neutrino emission from identified sources

• Template analysis for neutrino emission from Galactic plane and special regions

HAWC-IceCube Synergy

Stacking Search Template Search
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Stacking Search 

• Stacked 20 sources from 2HWC 
Catalog (excluding PWNe)


• Best fitted signal events: 15

→pre-trial p-value: 0.09 

• 90% UL on neutrino flux: 
1.5⨉10-13 TeV/cm2 s at 7 TeV


• Not constraining the hadronic 
component!
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Template Search-Northern Plane

• Incorporating full morphology of 
emission from HAWC


• Neutrinos weighted according to 
their energy and 𝛾-ray flux with 
cut-off at 300 TeV


• Best fit signal events: 77

→pre-trial p-value: 0.06 

•  Constraining hadronic component 
to < 80% of the total flux.
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Cygnus Region

• No Signal events!

→under-fluctuation. 

• Compatible with other 
observations and theoretical 
studies of the 𝛾-ray emission.


• Hadronic component 
constrained to < 60% of the 
total flux

The List

1. HAWC galactic plane template 

2. Stacked point source analysis using all identified HAWC 
sources minus sources associated with PWN 

3. Special regions:

Cygnus Region MGRO J1857 & J1852

MGRO J2031+041

MGRO J2019+037

• Star forming region with a high level of 𝛾-ray activity 
and young stars


• Very high energy diffuse 𝛾-ray emission 

• 𝛾-ray emission from the cocoon


• Uncertainties on resolved sources & their extensions
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Figure 9. Same as Figure 8, farther along the Galactic Plane.

• Region containing previously identified 
sources with spectra consistent with 
PeVatron scenarios


• Located at the best place (near horizon) for 
IceCube


• Nature of 𝛾-ray emission not well understood

• Best fit signal events: 12

→pre-trial p-value=0.14 

• Upper limit is 1.3 times the 
total flux, assuming all 𝛾-
rays are hadronic! Not 
constraining!
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Figure 9. Same as Figure 8, farther along the Galactic Plane.

• Region containing previously identified sources 
with spectra consistent with PeVatron scenarios


• Located at the best place for IceCube


• 𝛾-ray emission nature not well understood

• The most significant result!


• Best fit signal events: 36

→pre-trial p-value=0.02 

• Upper limit is 3 times the 
total flux, assuming all 𝛾-
rays are hadronic! Not 
constraining!
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Summary
• Galactic cosmic ray accelerators are guaranteed to contribute to the 

total observed high-energy cosmic neutrino flux.

• The contribution of Galactic sources to the IceCube neutrino flux is 

limited to less than 15%.

• The upper limits from searching for high-energy neutrinos from major 

𝛾-ray emitters in the Milky Way constrain but do not exclude hadronic 
components.


• Continuous observation of IceCube and new techniques for 
identification of neutrinos with high purity will help finding Galactic 
neutrino sources.


• Advancements in ground base 𝛾-ray telescopes and future instruments 
will improve our understanding of the spectra and morphologies and 
will help identifying potential sources of high-energy neutrinos in the 
Milky Way. 



Thanks!
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High-Energy Cosmic Neutrino Flux
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Supplementary Methods and Tables – S10

EVENT 30

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

129+14
�12 56115.7283574 �82.7 103.2 8.0 Shower

� / E�2.92

High-Energy Starting Events 

7 years Observation ➛ 8𝜎 

80 events (all flavor)

� / E�2.19

Up-going Muon Tracks 


8 years Observation ➛ 6.7𝜎 

~ 500 astrophysical neutrinos

• Observation confirmed in 
independent channels. 

• Hardening of the spectrum at high 
energies. 

• Low-energy excess hinting at 
spectral features. 

• fluxes are compatible in the 
common energy range
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HE Cosmic Neutrinos & Multimessenger 
Interface
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Similar energy in the Universe in 𝛾-rays, neutrinos and cosmic rays  
[Ahlers 2015, Murase+ 2014, Kowalski 2014]
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Arrival Direction of Highest Energy Neutrinos
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Point Source Searches

Stacking Search
Juan A. Aguilar - Université de GenèveParis, 2013

Search for Point Sources of Emission

16

• Neutrinos are not deviated by magnetic fields.!
• Scattering due to ν-μ kinematics and detector Point Spread Function.
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Ingredients:

• Neutrinos are not deviated by magnetic fields.!
• Scattering due to ν-μ kinematics and detector Point Spread Function.
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Figure 4. Combined upper limits (UL) at 90% confidence

level (blue lines) on the three-flavor neutrino flux of the

KRA� model with the 5 and 50PeV cuto↵s (black lines).

The boxes represent the di↵use astrophysical neutrino fluxes

measured by IceCube using an isotropic flux template with

starting events (yellow) and upgoing tracks (green).
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ABSTRACT

The existence of di↵use Galactic neutrino production is expected from cosmic ray interactions with
Galactic gas and radiation fields. Thus, neutrinos are a unique messenger o↵ering the opportunity
to test the products of Galactic cosmic ray interactions up to energies of hundreds of TeV. Here we
present a search for this production using ten years of ANTARES track and shower data, as well as
seven years of IceCube track data. The data are combined into a joint likelihood test for neutrino
emission according to the KRA� model assuming a 5 PeV per nucleon Galactic cosmic ray cuto↵. No
significant excess is found. As a consequence, the limits presented in this work start constraining the
model parameter space for Galactic cosmic ray production and transport.

Keywords: neutrinos — cosmic rays — di↵usion — Galaxy: disk — gamma rays: di↵use background

1. INTRODUCTION

A di↵use Galactic neutrino emission is expected from
cosmic ray (CR) interactions with interstellar gas and
radiation fields. These interactions are also the domi-
nant production mechanism of the di↵use high-energy
�-rays in the Galactic plane, which have been measured
by the Fermi -Large Area Telescope (Fermi -LAT) (Ack-
ermann et al. 2012).

In the GALPROP-based (Vladimirov et al. 2011) con-
ventional model of Galactic di↵use �-ray production
CRs are accelerated in a distribution of sources such
as supernova remnants. They propagate di↵usively in
the interstellar medium producing �-rays and neutri-
nos via interactions with the interstellar radiation field
and interstellar gas. The interstellar radiation field is
weakly constrained by Fermi -LAT �-ray data and inter-
stellar gas is constrained by both Fermi -LAT �-ray data
and radio measurements of CO and HI line intensities.
The CR population model itself is normalised to local
measurements taken at Earth. The GALPROP model
parameters are tuned to achieve optimal agreement be-
tween Fermi -LAT (Ackermann et al. 2012) data and the
direction-dependent prediction given by integrating ex-

⇤ Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

Figure 1. Neutrino flux per unit of solid angle of the KRA
5
�

model (Gaggero et al. 2015a), shown as a function of direc-

tion in equatorial coordinates (Hammer projection).

pected �-ray yields along the line of sight from Earth.
The neutral pion decay component estimated by the
conventional model should be accompanied by a neu-
trino flux from charged pion decay.

The conventional model, however, under-predicts the
�-ray flux above 10 GeV in the inner Galaxy (Ack-
ermann et al. 2012). The KRA� models (Gaggero
et al. 2015a,b, 2017) address this issue using a radially-
dependent model for the CR di↵usion coe�cient and the
advective wind. The primary CR spectrum assumed
within the KRA� models has an exponential cuto↵ at �19

Diffuse Galactic Neutrino Flux
IceCube+ANTARES 2018

• Search for the correlation of neutrinos with the template map of emission from 
Galactic plane.


• Spatial distribution from gamma-ray data.


• Neutrino flux constrained at the level of ~15% of the total flux.


• Models have large uncertainty on the flux above 10 TeV

Fermi � LAT⇡0 Template
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(a) (b)

Figure 3. Stacked histograms (i.e., every bin shows the fractional contribution of every sample summed on top of each other)

of the signal expected from the KRA
5
� model as function of the declination (a) and energy (b) Monte Carlo truth. The colored

area of each histogram represents the relative contribution to the sensitivity of this event sample. The relative contribution to

the sensitivity is defined as the di↵erence in the sensitivity flux resulting from the addition of a certain event sample divided by

the combined sensitivity flux.

Table 1. Sensitivities and results of the analysis on the KRA� models with the 5 and 50PeV cuto↵s.

Energy cuto↵
Sensitivity [�KRA� ] Fitted flux p-value UL at 90% CL

Combined ANTARES IceCube [�KRA� ] [%] [�KRA� ]

5 PeV 0.81 1.21 1.14 0.47 29 1.19

50PeV 0.57 0.94 0.82 0.37 26 0.90

5 PeV cuto↵ in light CR can be considered a more reli-
able case for the Galactic accelerators.

Figure 4 represents the combined upper limits in com-
parison to the all-flavor full sky energy spectrum of
the KRA� models as well as the previous IceCube and
ANTARES upper limits. The present upper limit on the
5 PeV model is higher than the previously published up-
per limit for ANTARES alone although the sensitivity is
much better. This is due to the overfluctuation observed
in the IceCube data sample as well as the di↵erence in
the definition of the test statistic. In the ANTARES
standalone analysis it was the sum of the shower and
track test statistics, computed independently, instead
of computing one test statistic from the combined log-
likelihood ratio curve (equation 2).

The results presented here provide for the first time a
combined constraint on di↵use Galactic neutrino emis-
sion by IceCube and ANTARES. The limit on the KRA�

model with 50 PeV cuto↵ extends the energy range of
the constraint on the model from 10 GeV with Fermi -
LAT up to hundreds of TeV. Based on the limit on the

KRA5
�-model, this analysis limits the total flux contri-

bution of di↵use Galactic neutrino emission to the total
astrophysical signal reported by Aartsen et al. (2015)
to 8.5%. In the future, the sensitivity of this analysis
can be further improved by including IceCube showers
(Aartsen et al. 2017d). This will allow for a powerful test
of the KRA5

� model, thereby constraining the di↵usion
mechanisms, the maximal energy injected by supernova
remnants and the Galactic gas distributions considered
in the model.
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ropéenne (FEDER fund and Marie Curie Program),
Institut Universitaire de France (IUF), IdEx program
and UnivEarthS Labex program at Sorbonne Paris
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A*MIDEX project (ANR-11-IDEX-0001-02), Région



�20

MGRO J1908+06

!!

!!

""

#
# #

#

#

#

#

#
#

$ $ $
$

$

$ $

$

$ $
$

103 104 10510!9

10!8

10!7

10!6

EΓ!GeV"

E
Γ2

d
N
Γ
#d

E
Γ
!s
!

1
m
!

2
T

eV
"

MGRO J1908#06

ΑΓ%2

HAWC
HESS
VERITAS
ARGO!YBJ $2012%
Milagro ApJL

[Halzen, AK, Niro, 2017]

• One of the primary candidates identified in 
Milagro survey. 

• Observation of the sources in IACT 
experiments. Tension in extension and 
spectrum reported. 

• Classified as an unidentified source. Gamma 
ray emission nature not well understood 

• Prospects for observation is highly 
entangled with the extension of the 
source. 

• Based on HESS’s observation, should 
be seen in ~10 years.
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