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Fermi LAT, E>1 TeV

Extragalactic neutrinos from AGN?
Bachall, Waxman 1999

IceCube neutrino signal is consistent with
being isotropic, which points to extragalactic
origin (taken at face value).

Generic AGN model expectations

The spectrum of the astrophysical neutrino
!"
signal is !$# ∝ &'(.* in the energy range E> 30
TeV.
Typical extragalactic neutrino source models
(e.g. blazars discussed on Tuesday,
cosmogenic neutrinos etc) predict hard
neutrino spectra in the 100 TeV energy range,
from proton-gamma interactions.

Astrophysical neutrino flux
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Softer than !$# ∝ &'( spectrum is naturally expected for
neutrinos produced in proton-proton interactions.
Proton-proton interactions are conventionally evoked in
modelling of Galactic gamma-ray and neutrino sources.
Galactic sources are typically transparent for gamma-rays.
Gamma-ray flux is a proxy for neutrino flux.

Γ, ≃ 2.4

Muons

Cascades
IceCube Collab., 2019

Extragalactic neutrinos from AGN?
Murase, Guetta, Ahlers 2016

IceCube neutrino signal is consistent with
being isotropic, which points to extragalactic
origin (taken at face value).
The spectrum of the astrophysical neutrino
!"
signal is !$# ∝ &'(.* in the energy range E> 30
TeV.
Typical extragalactic neutrino source models
(e.g. blazars discussed on Tuesday,
cosmogenic neutrinos etc) predict hard
neutrino spectra in the 100 TeV energy range,
from proton-gamma interactions.
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Softer than !$# ∝ &'( spectrum is naturally expected for
neutrinos produced in proton-proton interactions.
Proton-proton interactions are conventionally evoked in
modelling of Galactic gamma-ray and neutrino sources.
Galactic sources are typically transparent for gamma-rays.
Gamma-ray flux is a proxy for neutrino flux.

AGN hypothesis implies existence of “gamma-ray dark”
neutrino sources: sources that produce bulk of the neutrino
flux do not contribute significantly to the gamma-ray
background. Electromagnetic emission which accompanies
neutrino emission is absorbed / removed by uncertain
mechanism.

Neutrinos and gamma-rays from proton-proton interactions
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Pion production in proton-proton interactions is characterized by energy threshold !"#$ ≃ 100 MeV.
• Typical energy of neutrinos is !+ ∼ 0.03 !/ . Typical energy of gamma-rays !0 ∼ 0.04 !/
• Slope of neutrino spectrum Γ+ ∼ Γ/ − 0.1; slope of gamma-ray spectrum Γ0 ∼ Γ+ .
• Normalization of neutrino flux 4+ ≃ 1.040 for Γ/ ≃ 2.4.
If gamma-ray flux is not modified by development of electromagnetic cascade, gamma-ray spectrum / imaging properties are nearly identical
to the neutrino emission spectrum / imaging properties.
Kelner, Aharonian 2006, Kappes et al. 2007

Estimate of Galactic neutrino flux in GeV-TeV band
Fermi/LAT E>1 GeV

Pion decay

Galactic diffuse gamma-ray emission is dominated by pion decay flux from
cosmic ray interactions in the interstellar medium, with moderate contribution
from isolated sources, like supernova remnants.
Measurements of gamma-ray flux provide measurement of Galactic neutrino
flux (isolated sources and diffuse) in the GeV-TeV band.

Fermi/LAT Collab. 2012

Connecting GeV-TeV band measurements with IceCube measurements above 30 TeV
Inner Galactic Plane gamma-ray / neutrino signal
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The spectrum of cosmic rays residing in the interstellar medium is a powerlaw. If the
slope of the average cosmic ray spectrum all over the Milky Way would be known, a
robust estimate of the neutrino flux above 30 TeV would be possible directly from
gamma-ray measurements in the GeV-TeV band.
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Extrapolation of Fermi/LAT diffuse emission model of 2012

Connecting GeV-TeV band measurements with IceCube measurements above 30 TeV
4"-averaged gamma-ray flux

Galactic gamma-ray flux in the (multi)TeV band consists of:
•
•
•

Isolated sources
Diffuse emission from cosmic ray interactions in the interstellar medium
There is (almost) no contribution from extragalactic sources

No problem of “gamma-ray dark” neutrino sources.
Galactic gamma-ray flux is perfectly consistent with neutrino flux / spectrum measurements.

AN, Kachelriess, Semikoz, 2018
AN, Semikoz, 2014

Neutrinos from isolated multi-TeV gamma-ray sources

Gamma-ray flux / spectrum measurements for individual Galactic
sources could be used for robust estimates of neutrino flux for
large part of multi-TeV source populations:
•

Cosmic ray interactions with medium inside sources and in molecular
clouds near the sources are generically expected :
•
•

•

HESS Galactic Plane survey

primarily shell-type and composite supernova remnants,
but possibly also pulsar in pulsar wind nebulae and binaries

Sources are typically transparent to gamma-rays, so that gamma-ray
and neutrino spectra are nearly identical.

(compare with difficulties of modelling extragalactic sources, see
W.Winter’s talk yesterday)
Aharonian et al., 2005
HESS Collab., 2018

Neutrinos from isolated multi-TeV gamma-ray sources

HAWC Galactic Plane survey at E>100 TeV

Potential neutrino signal

HAWC telescope has reported detections of gamma-ray sources at 100 TeV, i.e. in
the energy range overlapping with that of IceCube and Km3NET.
100 TeV gamma-ray emission is most probably of ”hadronic” origin (i.e.
accompanied by neutrinos) because the Inverse Compton (on interstellar radiation
field) emission is suppressed in the Klein-Nishina regime.

Caveat: ground-based telescopes detect gamma-ray signal on top of strong
residual cosmic ray background. Estimate of the flux of extended source depends
on assumptions about source morphology.

Example modelling and Km3NET signal estimate for the brightest
100 TeV source on the sky. Detection of individual sources is
challenging. Discovery threshold could possibly be reached after
~10 year exposure.
see V.Niro’s talk
HAWC Collab. 2019
Niro, et al. 2019

Diffuse Galactic gamma-ray and neutrino flux
Galactic gamma-ray flux in the (multi)TeV band consists of:
•
•
•

Isolated sources
Diffuse emission from cosmic ray interactions in the interstellar medium
There is (almost) no contribution from extragalactic sources

AN, Kachelriess, Semikoz, 2018
AN, Semikoz, 2014

All-sky gamma-ray signal in multi-TeV band
Fermi/LAT E>1 TeV

Mrk 421

Diffuse gamma-ray emission
Or residual cosmic ray background?

Galactic disk

Pion decay emission ?

Cygnus region
Crab

All diffuse emission region events
Residual cosmic rays

Bruel et al. 2018
AN & Semikoz 2019

Galactic Plane in multi-TeV band

The residual cosmic ray background in Fermi/LAT is largely sub-dominant compared to
the multi-TeV gamma-ray signal all along the Galactic Plane (inner and outer galaxy).
The slope of diffuse Galactic Plane diffuse emission spectrum is consistent with Γ" =
2.4 ± 0.05.
AN & Semikoz 2019

Galactic Plane in multi-TeV band

LAT measurements of the Galactic Plane signal at TeV are systematically higher than those of HESS (which should be considered as
lower bound on the flux, as stated in the HESS paper).

AN & Semikoz 2019

High Galactic latitude signal in multi-TeV band
Fermi/LAT E>1 TeV

Mrk 421

Diffuse gamma-ray emission
Or residual cosmic ray background?

Diffuse emission is detectable at mid- and high Galactic latitudes at TeV.
The slope of diffuse emission spectrum is consistent with Γ" = 2.4 ± 0.05.
Neronov, Semikoz, arXiv:1907.06061

Average slope of Galactic cosmic ray spectrum
Fermi LAT Collab. ‘12

E-2.4
E-2.7

Fermi/LAT gamma-ray data suggest that average cosmic ray spectrum in the
Galactic Disk is different from the locally measured one. Average spectrum of
cosmic rays residing in the inner Galactic Disk (within the distance of the Sun)
!"
has the slope !# ∝ %&' , Γ = 2.4, rather than Γ ≃ 2.7.
Similar slope is found for cosmic rays residing in the Large Magellanic Cloud.
This slope is consistent with that of the astrophysical neutrino spectrum.

Inner Galaxy

LMC

-80

0

80
Gal. longitude, deg

AN, Malyshev, 2015
Fermi LAT Collab. 2016
Yang, Aharonian 2016
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Diffuse Galactic gamma-ray and neutrino flux (?)

allsky

& > 50∘
extragalactic

Residual cosmic rays
In Fermi/LAT

Mild evidence for anisotropy of neutrino signal: (at 3" significance post-trial in 5
year HESE event set).
KRA# model of Galactic pion decay emission, excess at 2.3" level in IceCube
cascades analysis of 2019).

IceCube Collab. 2017, 2018, 2019 ANTARES Collab. 2017, 2018 Denton,
Marfatia, Weiler 2017
AN, Semikoz, 2014
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Diffuse Galactic gamma-ray and neutrino flux (?)

allsky
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extragalactic

Residual cosmic rays
In Fermi/LAT

Mild evidence for anisotropy of neutrino signal: (at 3" significance post-trial in 5
year HESE event set).
KRA# model of Galactic pion decay emission, excess at 2.3" level in IceCube
cascades analysis of 2019).

IceCube Collab. 2017, 2018, 2019 ANTARES Collab. 2017, 2018 Denton,
Marfatia, Weiler 2017
AN, Semikoz, 2014

Anisotropy toward the Galactic Disk?

Fermi LAT, E>1 TeV

100 TeV neutrinos are produced in interactions of cosmic rays with energies in multi-PeV range (knee range of the cosmic ray spectrum).
Such cosmic rays possibly free-stream, rather than diffusively spread in the interstellar magnetic field. This could explain change of the
Galactic diffuse flux source morphology in the 100 TeV range.

Possible influence of individual nearby recent sources

! > 50∘

High Galactic latitude flux

Vela Jr
Vela X
Crab

Diffuse emission from cosmic rays injected by nearby source.
Cosmic rays with total energy 1050 erg which have escaped nearby recent (within the escape time of PeV particles) source loose energy into
neutrino and gamma-rays on time scale tpp~108 (nISM/0.5 cm-3) yr.
This might result in very extended emission with a flux
F~10-10 (nISM/0.5 cm-3) (d/0.5 kpc)-2 erg/(cm2 s)
ULTRACLEANVETO event selection
~10-7GeV/(cm2 s)
Neronov, Semikoz, Kachelriess 2018

Dark matter decay flux?
Simulated dark matter halo

! > 50∘

Vela Jr
Vela X
Crab

Diffuse emission from decays of heavy dark matter particles with lifetime ~1028 s into pions or directly into neutrinos and gamma-rays
could provide the required multi-messenger flux at high Galactic latitude.

Neronov, Semikoz, Kachelriess 2018

Closing the gap between neutrino and gamma-ray measurements

Is it possible to close the gap between
Gamma-ray and neutrino measurements?

Mismatch?
What is the dominant
Component of Galactic diffuse flux
In multi-TeV band ?

IceCube Collab. 2017, 2018, 2019 ANTARES Collab. 2017, 2018 Denton,
Marfatia, Weiler 2017
AN, Semikoz, 2014

Astrophysical neutrino spectral / imaging analysis down to TeV?

Data points down to 1 TeV in the “cascade” event sample have been shown in a recent IceCube publication.
The astrophysical neutrino flux is detectable down to TeV energy.
IceCube Collab. 2019

Astrophysical neutrino spectral / imaging analysis down to TeV?

Statistics of IceCube signal in the TeV band is high enough. Progress is possible via improved measurement / modelling of the
atmospheric neutrino flux together with the astrophysical flux component.
IceCube Collab. 2019
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Diffuse gamma ray flux measurements up to 100 TeV?

The main challenge for extension of the diffuse gamma-ray flux measurements to higher energies are
• Low signal statistics in Fermi/LAT
• High residual cosmic ray background in the ground-based gamma-ray telescopes.

Diffuse gamma ray flux measurements up to 100 TeV?

1907.08171

The main challenge for extension of the diffuse gamma-ray flux measurements to higher energies are
• Low signal statistics in Fermi/LAT
• High residual cosmic ray background in the ground-based gamma-ray telescopes.

Diffuse gamma ray flux measurements up to 100 TeV?

1907.08171

HERD: acceptance 5x Fermi/LAT

The main challenge for extension of the diffuse gamma-ray flux measurements to higher energies are
• Low signal statistics in Fermi/LAT
• High residual cosmic ray background in the ground-based gamma-ray telescopes.

Diffuse gamma ray flux measurements up to 100 TeV?

5% of residual cosmic ray background

Statistical uncertainty of
background after 103 hr exposure
1907.08171

Detection of diffuse flux at the level of astrophysical
neutrino flux is possible with CTA, if systematics could
be controlled down to <5%.
The main challenge for extension of the diffuse gamma-ray flux measurements to higher energies are
• Low signal statistics in Fermi/LAT
• High residual cosmic ray background in the ground-based gamma-ray telescopes.
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ky

Diffuse Galactic gamma-ray flux is measured up
to 3 TeV. Its extrapolation to E>10 TeV suggests
that sizeable fraction of neutrino flux is from
cosmic ray interactions in the Milky Way
interstellar medium.

Is it possible to close the gap between
Gamma-ray and neutrino measurements?

Mismatch?
What is the dominant component of
Galactic diffuse flux in multi-TeV
band ?

Isolated Galactic gamma-ray sources are
observed in 100 TeV band. Modelling suggests
that they should have detectable neutrino
counterparts.

Measurements of multi-messenger gamma-ray
+ neutrino signal in overlapping 1-100 TeV band
are possible.
Such measurements are of crucial importance
for identification of the Galactic diffuse and
isolated source components of the
astrophysical neutrino signal.

